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Abstract 
 
With the continued increase in age of the United States housing and building 
stock, as well as the continued need to maintain properties across the U.S., the need for 
timely, cost-optimal maintenance is ever more critical. This paper proposes the 
application of a mathematical model to aid in the scheduling and assignment of 
construction and maintenance tasks, considering the multi-skilled workforce. The benefit 
of this approach is to take advantage of the economies of scale that can be developed 
using cross-functional skilled workers with varying levels of competence and efficiency. 
This approach schedules and assigns tasks using data from maintenance task software 
datasets, using the least-cost, competent worker available for the job while also 
considering the trade-off between skilled labor cost and travel costs, both in terms of 
travel wage and vehicle wear and tear.  The model is enhanced to include pairing 
between a mentor and an apprentice, where combined efficiency and pairing costs are 
considered at the same time as travel costs.  Due to the practical nature of this research, a 
case organization was used and data from that firm was analyzed so that operational 
insights into the necessity of such a model could be considered. The mathematical 
backbone of the optimization approach to multi-skilled resource allocation considers the 
temporal and spatial demands of a geographically dispersed property management 
program. Actual, as opposed to sample, data allows us to evaluate the real financial 
implications on the case firm, if such an approach to scheduling is used. The 
generalization of this data provides excellent fit for a model that can be used to assign the 
best capable worker to the most cost-efficient task, considering deadlines, priorities and 
availability. Results of this scheduling approach provide significant cost and resource 
reductions over the historical firm performance, though practical considerations should 
temper that expectation. The above approach offers exceptional scalability and 
adaptability with the continued advancement of algorithm approaches to network-
distribution and peer-to-peer work platforms. 
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Chapter 1 
 
Introduction 
 
1.0  Introduction 
 
This research introduces an efficient method to manage property maintenance 
work and construction project resources using data analysis and mathematical modeling. 
 
1.1 Overview 
 
While the traditional supply chain areas of interest include manufacturing and 
logistics operations, project management organizations possess a unique set of business 
levers, operating dynamics and best practices. It is the goal of this research to aid 
decision-making in project management. Project Management is defined as the 
application of knowledge, skills, tools and techniques to project activities to meet the 
project requirements. A project is temporary in that it has a defined beginning and end in 
time, and a defined scope and resources. A project is unique in that it is not a routine 
operation, but a specific set of operations designed to accomplish a singular goal (PMI). 
 
The traditional approach to organization of labor is single-trade, where an 
individual develops one definitive area of expertise: electrical, mechanical, or carpentry, 
for example. Single-trade skilled labor has been extensively developed and organized 
both within labor unions and through federal or municipal code compliance requirements 
where licensure implies single-skill specialization and often prohibits multi-skilling. 
Despite this existing structure for skill development, there appears to exist potential 
economies of scale, scope and practice in the cross-functional development of labor; in 
particular, in the domain of building and facilities maintenance, residential construction, 
and residential maintenance. This research highlights a case study of a focal firm, where 
multi-skilled trade labor practices exist, are evaluated, and are classified into a taxonomy 
of competency. This taxonomy of labor supports the data set for a mathematical modeling 
and the Mixed Integer Linear Programming (MILP) approach to develop a more efficient 
scheduling and assignment routine considering the spatial and temporal—as well as 
availability and priority—constraints common in this business sector. 
 
In addition to the evaluation of worker skill, the model I develop also presents 
a novel method to sequencing work assignment so as to reduce the transportation cost 
between jobs.  As with many work environments where multiple jobs must be assigned 
to a service technician or skilled worker, the cost of travel across a geographical area 
can be significant.  The reduction of drive time as an opportunity cost allows more 
work to be assigned, resulting in a more compact schedule. In the proposed scenario, 
workers possess a unique level of efficiency compared to mean expected service times 
for completion, and therefore jobs can be scheduled back to back considering the time 
to perform a job and distance to travel between jobs.  Jobs are also classified as high, 
medium or low priority, to reflect the urgency required for the job to be performed. 
Higher priority jobs must be completed within the short-term (for example, 24 work 
hours), before other priorities of lesser urgency. This temporal constraint is checked 
against the distance between jobs and skills required to perform a job.  This paper 
incorporates resource constraints on individual skills to represent the real operating 
environment where not all workers can perform all jobs.   
Vatterott, Anthony, 2018, UMSL 12 
 
  
 
Possibly the most innovative component of this paper is the introduction of a 
model that makes a pairing and assignment decision so that a non-competent worker 
(named the apprentice) can work alongside a skilled worker (named the mentor). The 
apprentice role is a long-standing approach to skill development in the craft and trades 
environment. However, in the property maintenance environment, the dispersion of work 
makes timing the pairing of a mentor and a trainee a logistical challenge.  This paper 
offers a method to ensure that if a solution can benefit from the pairing of workers to 
achieve feasibility (a possible reduction in make span or the reduction in cost, perhaps) 
then the mentor and apprentice are scheduled concurrently to that task. This paper also 
proposes a method to allow the adjustment of resonance within a pairing assignment; in 
this instance synergy. Preliminary results from these models are promising: significant 
reductions in total travel cost, total labor cost, and other “economies of schedule” occur 
that would benefit the firm. This research explores the potential and limitations of skill 
advancement, knowledge transfer, standards of practice, and work breakdown structures, 
and posits several ancillary areas of relevance that may be advanced in the future. 
 
1.2 Background of the Problem 
 
Construction Management traditionally involves the purchasing, distribution and 
installation of labor and materials for the manufacture of a commercial or residential 
structure; the project is generally of large scale and wide scope; for example, when man- 
aging a subdivision, neighborhood development, or multi-story building. The necessary 
material and labor components of such a project scale proportionately to the size of the 
construction project. In the case of remodeling and renovation, this generality does not 
apply. The demolition aspect of many renovation and remodeling projects requires an 
additional labor resource that is not easy to predict using a standards based approach. 
Truly, it is often impossible to know what exists behind a partition or above an interstitial 
space until one cuts into that wall or partition and evaluates the working conditions. 
Often, in the case of critical maintenance or disaster mitigation, there is not enough time 
to fully evaluate the work scope before beginning the labor initiative to locate and 
remediate the root cause and repair associated damages. After-market repairs, home 
improvements and additions to existing structures all require a more careful consideration 
of the labor and materials requirement; and at the same time lack the benefit of carefully 
drafted plans and specifications as new construction does. The difficulty of estimating 
such scopes of work with accuracy is often a process more of trial and error than of 
scalable rule of thumb. However, certainly such an operating environment can benefit 
from a more accurate scheduling, assignment and routing method considering actual 
performance times and historical data sources inherent in the operating environment.  
This paper ventures to identify such benefits. 
 
As the scale of a maintenance project is likely to be smaller than many new 
construction projects, the number of projects (often referred to as work orders) required 
to maintain business growth is likely to be greater than typical construction. Planned 
margins for such smaller scopes of work are likely to be greater than that of large scale 
construction, with less ability to assume risk from one job to the next, a general feature 
of service maintenance. In larger scale construction projects, a mistake in purchasing can 
be offset by an engineered design change or the sheer size of a project; in the 
replacement of a single living room ceiling fan, the cost of fan selection—or the doubling 
of the time to install it—can be the difference in a profit or a loss. Furthermore, from one 
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project to the next, the quality of the existing structure will determine the level of product 
or material quality for finishes; therefore it is not always feasible to standardize one 
product for all applications, reinforcing the problem of economies of scale. These 
concerns pose a real challenge; that is, to remain cost effective and to standardize the 
usage of materials across projects in property maintenance, renovation or home 
improvement. 
 
So, “are efficiencies at such a level of operation likely to exist?” Certainly, when 
considering the required number of projects sustaining such a business, the advantage 
of an efficient routing and scheduling component can result in variable-cost efficiencies. 
When the work is planned so that jobs are placed in order to minimize travel costs, the 
non-value added activity of so-called “windshield time” can be reduced. If such routes 
for the performance of work are constantly being updated with feedback from the 
completion of jobs, then efficiencies of performance can be improved. For example, if a 
worker skilled with electrical competences and already possessing a toolkit for such 
work were to perform three electrical jobs in a route, the requirement to exchange tools 
may be eliminated. Or, if a maintenance technician were able to by virtue of his 
experience qualify to perform the same electrical work, it might make sense to route 
that technician to one of the electrical jobs en route to other work. Therefore, the ability 
to determine the competence level of the skilled workforce across several trades or 
skills sets becomes of significant benefit in the renovation, maintenance and repair 
environment. 
 
Alternately, the misallocation of skilled labor to jobs can result in immediate cost 
overruns due to the job’s unknown scope. Therefore, such a design for work scheduling 
and assignment must accurately and precisely determine the level of competence of any 
worker assigned to any skill, to leverage the cross-functional benefit while protecting the 
quality and efficiency of performance. The same can be said of generally single-skilled 
labor.  Outside of the new-construction and design-build environments, the prevalence of 
a multi-skilled workforce is normative, defined within the scope of general contracting 
services. However, the principles of planning, scheduling and assigning work using 
sophisticated mathematical models and cost-efficiency policies improved by optimization 
engines is not yet ubiquitous. This promises to be an area of competitive advantage as 
digital enhancement of work processes continues to advance. 
 
However, the development of a structure for mixed-skill based work scheduling 
and assignment deserves attention. The existence of a hierarchy of organized multi-skill 
labor does not exist as a benchmark for subsequent research, so any hierarchy must be 
taken aside the context of standardization as it is currently understood in construction. 
The hierarchy of a multi-skilled labor force, if it wishes to be scalable across many work 
scopes, must be diverse in standardized talent, yet also standardized in those aspects of 
the workflow that are not directly tied to skill, such as systems of knowledge transfer, 
standards of performance and information collection, among many others. These “soft 
capabilities” must be interlocked with what are traditionally considered “hard activities” 
so that a recursive effect occurs that reinforces the organizational behavior while also 
advancing the standards of practice that are common throughout all trade practices. 
 
Because the common practice in trade labor is to gain in-field experience as an 
apprentice and to accumulate skills by practical work, the ability to develop a task-level 
work breakdown structure is presumed. This paper attempts to explain such a process 
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flow. The proposed hierarchy is a purely meta-informational one, utilizing the actual 
reporting mechanisms from a real operating environment such as work orders, job tickets 
and statements of work performed, expert evaluation and classification. This time-
sensitive feedback from the field is the data basis of skill development where 
standardization from one handyman to another would take much longer to ensure than 
standardization from one electrician to another, due to the sheer depth and breadth of 
skills to learn. In fact, it may not make sense for the duplicity of skills among a cohort of 
multi-skilled labor; therefore, this paper considers a different model of workforce 
assignment to take advantage of efficiencies of competence as a basis for skill 
development while also considering the full operating environment. 
 
Academic research in the areas of integer optimization, building and facilities 
maintenance, and construction scheduling have great potential to improve the practical 
body of knowledge in skilled trades if it can be tied to real operations; this research 
intends to develop the objectives that will join the practical and academic fields of  study 
together. The project management body of knowledge primarily leverages scheduling and 
assignment without explicit consideration for skill-development; it also does not usually 
consider the transportation logistics of an array of projects as it deals with the activities at 
the jobsite, and not between sites, so this paper attends to that. The operations aspect of 
property management and maintenance and building and facilities maintenance takes a 
primarily capital-asset and expense based approach which lends itself to forecasting cost-
accounting, and timely financial practice; yet it lacks any substantial developments in the 
areas of execution of work at the labor level which would increase the scale of 
performance beyond a job-shop mentality.   By taking work out into the streets and 
considering the travel component, a dynamic paradigm-shift in the conceptualization, 
performance and long-term strategic objectives of a varied-skill contracting operation 
would be possible, if such connections between performance of skilled labor, knowledge 
of practice, and intelligence of schedule and assignment occurred in such a way as to 
reinforce skill advancement and promote operational efficiencies while also incorporating 
the distances and times between jobs. 
 
1.3 Purpose of the Study 
 
The purpose of this study is to evaluate the potential for new methods of 
operational efficiency in the project-oriented, maintenance environment. As an example, I 
evaluate, as a case study, a small-medium sized property management franchise office. 
The case study example firm maintains a total of 100+ portfolios and 200+ units, with the 
objective of optimizing the maintenance function considering the temporal and spatial 
constraints common in maintenance routing. I develop a system of work assignment to 
fully utilize the available multi-skilled worker skill sets while offering the least cost to 
work completion. The benefits of this research extend beyond the research domain; in 
fact, while this research integrates best practices for knowledge management into the 
property management business sector—the intersection of two research areas that has 
gone largely overlooked by academics—it also may offer benefits to the general 
construction and facilities maintenance environments. 
 
The research period of the focal property management company consists of over 
18 months of data collection and a year and a half of work within the operating 
environment during which I determine the practical structure of a property management 
business model. Scopes of work are classified using expert evaluation and a hierarchy of 
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work assignment is optimized for both routing and assignment with respect to the critical 
path and priority scheduling rules. The result allows the expression of a novel 
mathematical approach that may be adapted to a wide range of operational environments 
where the geographic dispersion of work locations must be balanced against human 
resource competences. The work pays careful to the over-arching goal of best practice 
and continuous improvement. I culled the databases and gathered information regarding 
the phenomenon of the maintenance working environment, its actors and agents, 
resources and operating parameters. From individual to collective schemas of interaction, 
I describe the operational work flows and where necessary, work within the organization 
to modify the operating environment. As a result of this research, I develop a model of 
maintenance performance utilizing a multi-skill workforce. This approach can serve as 
the basis for understanding the environmental considerations of the property management 
field of practice as well as to identify the more specific skill development paths necessary 
to effectively manage human resource development in a constantly evolving work 
environment. The goal of this research is to promote positive continuous human resource 
and skill demand matching, while satisfying the financial objectives of the property 
owner; at the same time achieving a consistent level of quality of life for the tenant, 
considering the requisite safety, ordinance and legal constraints inherent in the operating 
environment. 
 
1.4 Significance of the Study 
 
The development and application of a mathematical model to optimize multi-
skilled work assignment and scheduling has the potential to turn the traditional 
approaches to skilled labor management in a direction that allows more variety of skill 
development paths for the worker, and more flexibility in career development. It also 
would allow more opportunity for the firm where a diverse workforce truly paired to the 
demands of multi-skill projects can be developed. In this study, I hope to show that the 
development of strong multi-skilling principles in an environment of continuous skill 
development can result in remarkable optimization of force, resources, vehicle wear/ tear 
and travel costs; from a business owner’s advantage the benefit is obvious: streamlined 
business practice, fewer organizational complexities, fewer redundancies and easier 
management of resources. From the workers’ perspective, the opportunity to more fully 
utilize and develop individual competencies, and perhaps advance in skill to reinforce job 
security through acquired work routines, fosters a sense of accomplishment gained 
thorough on-the-job experience; this can translate into increased human resource asset 
value. 
 
As computer technology continues to gain power, and as the ability to network 
across geographical boundaries becomes the normal work environment, the need for 
more flexible organized labor models which can adapt to a continually changing skill 
demand is at the forefront of new technology application. One does not need to go far to 
see how technology is continuing to be used to outsource customer service agents 
working at home as opposed to at a centralized call center. Crowdsourcing marketplaces 
like Amazon’s Mechanical Turk (MTurk), Airbnb, Uber and Lyft are now ubiquitous, and 
the concept of optimal human resource utilization is the basis of a robust sharing-
economy. New technology-driven methods of assignment and resource utilization are 
being promoted by the most successful technology entrepreneurs of the age. Daily 
routines are consistently more affected by the technologies that make our lives easier; it 
makes sense that such technologies frame our desire for work-based routines. 
Vatterott, Anthony, 2018, UMSL 16 
 
  
 
This study endorses the use of information technology and (Big) data repositories 
to collect work practices to support mathematic scheduling and assignment formulations 
to ensure the not-tacit knowledge such as travel times, performance times and efficiency 
levels are tracked and monitored. The definition and development of the process for data 
collection allows the craftsman the ability to focus on the work at hand; the remedy, re- 
pair and renovation of equipment or structure; aspects of their work that aid in the 
development of potential efficiencies of scale, talent and utility. Priority principles 
common in most project management software platforms (for example, sequence 
dependencies) satisfy temporal requirements in the proposed model while allowing as 
much slack as possible. In the operational environment under study, various levels of 
priority define the level of urgency for each work order.  These priorities of demand are 
difficult to adjust and manage in construction projects due to the resource intensive 
nature of the project organization and the time-sensitive nature of the project schedule. 
The ability to remain a lean, flexible and agile/responsive organization while improving 
the task-demand satisfaction requirements of this business sector offers competitive 
advantages that work beyond traditional project boundaries, in terms of time, space and 
capability/capacity. 
 
1.5 Primary Research Questions 
 
The interest of this research is first to determine what exists in the body of 
academic literature that can inform, and be practically applied to, the development of a 
working model for task-level construction project management. I demonstrate the savings 
that an optimization model founded in practical firm performance will yield. I also work 
to evaluate the various levers and influences on firm performance, and the limitations of 
the firm in adapting to such a model, so that such barriers may be removed or 
accommodated.  I seek to evaluate the effect of such an organizational design on the 
adoption of best practices, and to show that the adoption of a multi-skilled labor 
organization model makes practical business sense.  I am also interested in whether a 
mathematical model can produce realistic performance objectives and what the impact of 
such scheduling decisions would look like visually compared to the standard routines. 
 
1.6 Hypotheses 
 
In the process of validating the results of a longitudinal study and the 
accompanying data that spanned 18 months of work in this area of study, several research 
questions become apparent. First, the question exists as to whether or not this systematic 
structure, mathematical formulation, computational approach and assignment of task 
based work can result in a lower cost of operation. Considering tradeoffs with sequencing 
jobs and task competency, can reasonable assignments be made to more fully utilize the 
available resources? What is the potential impact to satisfying expected task deadlines 
and durations, given a certain level of competence and a certain number of workers? How 
do varying levels and classes of skill relate to solution times and cost variables?  Finally, when 
evaluating a large number of data instances, do the findings at various levels of workers, jobs, 
and skill divisions display different variable characteristics?  These practical questions form 
the basis of an algorithm to make the assignment and scheduling sequence decision.  I 
analyze and validate a model to resolve such hypotheses. 
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1.7 Theoretical Framework 
 
While the explicit description of a general framework is outside the scope of this 
paper, if any such theoretical framework is said to exist within the practice of trade or 
skill-based labor, it would be the decomposition of tasks in such a way as to reinforce 
the higher order skills and tasks based on the mastery of primary skills and tasks. This 
study devises a task-level matrix to represent the hierarchy of skills, with each trade 
category broken into levels of increasing competence. The required framework must 
represent the actual individual worker’s skill set, while also allowing comparison to the 
available labor pool in assigning jobs to the least cost worker available.  At the same 
time, the structure of the skill class-level decomposition approach allows for future work 
to be performed to tie advancement of skills to the assignment and scheduling problem. 
 
1.8 Assumptions, Limitations, and Scope 
 
The decomposition of labor into skill classes and levels requires some 
assumptions to be made regarding the level of competence necessary to perform one skill 
versus another. These assumptions were made using expert practitioner opinion so as to 
classify each task order to the most appropriate skill class-level. Because the nature of 
trade-based work is such that human resource efficiency can fluctuate due to unforeseen 
factors such as weather, health, time-constraints, competency, initiative and effort, we 
approach the time requirements for tasks using composite scores based on each worker’s 
actual times of performance. This would remove the effect of averages which may dilute 
the impact of performance assessment at the individual worker level. At the mentor-
apprentice level, we use these efficiency scores to inform the combined synergy of a 
paired work-team. 
 
There may be instances where a job for evaluation took much longer or required 
much less time than would be expected for such as is standard practice. Because we 
adhere strictly to the actual time-based accounting approach for this study, there may be 
instances where the industry standard does not fit our results. This limitation would be 
primarily due to the limited size of our data set used in analysis, and a more 
comprehensive data set may more accurately influence composite scores. Further 
limitation may exist in the evaluation of classification of work into skill classes and 
levels, as there is much in the way of overlapping skills. For example, some furnace 
repair work requires both plumbing and electrical skill, so how do we decide which 
category of work best suits that specific type of job? To the best of my ability, these 
classifications have been made in collaboration with subject matter experts and it is 
possible that different classifications could be argued. The overlapping of skills is the 
basis for a subsequent decomposition that is outside the scope of this experiment and the 
focus of future research where skill development is represented by a chain of successive 
skill developments. 
 
Finally, this work is limited to the actual human resources performing the job. 
That is to say, the time standards used in this study should not be assumed to reflect the 
standard across the industry. It may be that evaluated performance in this study is either 
above or below the industry standard. In part, performance may be the result of 
phenomenological management practice, as well as an inherent bias due to the 
longitudinal nature of the study and the impact of observation on behavior. The scope of 
this work is limited to the actual operating environment of a single property management 
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firm and this study is limited to the Saint Louis Metropolitan Area, and all work 
performed or evaluated in this study over the research period occurred in the City and 
Counties of Saint Louis, Missouri. The labor resources evaluated for this study were from 
one maintenance company’s data and that company’s resources served one property 
management company’s labor demands in a linked supply-demand relationship, allowing 
a semi-structured and semi-controlled observation environment where other contractor 
involvement was the exception and not the rule; this is generally the case in property 
management organizations of a similar size, that a single base of human resources is 
utilized to perform most of the work order tasks. However, the inputs of this study may 
be considered a phenomenon of the special relationships formed in the interdependence of 
the supply chain partnership that existed, and this may not be as is currently standard 
practice across the general property management environment. That noted, subsequent 
interviews with other property management companies have identified the similarity 
between the processes, structures and concepts in the focal firm compared to other firms 
of similar size and larger. 
 
1.9 Summary 
 
The potential for a valuable contribution to academic research in the area of 
optimization of maintenance tasks using a multi-skilled approach is both timely and 
significant as the formal bounds of skill development are dissolved and new technologies 
that can evaluate cost-benefit decisions continue to gain in processing power and 
sophistication. This does not change the practical underpinnings of the research and 
lends potential benefit to an area of practice that has gone largely overlooked in the 
supply chain research. In the process of collecting and evaluating a large data set 
spanning 18 months, this paper evaluates the maintenance function and decomposes the 
actual performance of work into skill-class-level categories and develops from this the 
mathematical engine to schedule and assign work on a least-total-cost basis. 
 
The mathematical models are extensively tested using a vast array of data sets 
modified from the base data, so that the salient features of the data are intact, while 
testing the flexibility of the model under temporal, resource and other constraints. The 
models are very efficient in solving for a reasonable number of jobs, compared to 
existing models in literature. The models also provide a total cost objective that this 
paper evaluates for correlation against several variables in the data such as number of 
workers, work-load capacity, and number of skill class and level divisions. I  make some 
decisions regarding the best ways to use this mathematical engine for making timely and 
accurate business decisions, and I offer several areas of future research that could benefit 
from such an approach. 
 
The remainder of the dissertation is structured as follows. The next chapter offers 
an extensive literature review that informs the practical nature of this research and areas 
of theoretical foundation, extension and overlap. It is broken into topical sections 
including literature reviewed in property management, building and facilities 
maintenance and construction project management; and in optimization and 
mathematical approaches to scheduling and assignment. In Chapter 3, I describe the 
operational environment and present data analytics and statistical inferences from the 
focal firm’s operations.  I then in Chapter 4 present the optimization model and the 
results from preliminary application of this model. In Chapter 5, I perform case studies of 
the model and present solutions for single assignment, assignment with sequence 
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dependency, and assignment considering pairing with mentor-apprentice tasks 
assignment. In Chapter 6, I offer areas where this work can be advanced and future 
development of this research, as well as offer some potential hypotheses that may be 
advanced using this dissertation’s data set and models. I make some summary 
conclusions in Chapter 7. 
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Chapter 2 
 
Literature Review 
 
      2.0        Introduction to Literature Review 
 
This literature review informs the research design of this dissertation. The 
structure of the research is essentially in two areas of concentration: practical insights in 
property management and optimization approaches in construction management. 
 
2.1 Practical Insights in Building Maintenance and Property Management 
 
Ottoman et al. (1999) address budget-level estimating of the cost of planned 
facility repair and maintenance, describing the four common bases for budgeting. One 
such method that is also referred in subsequent literature is the real assessment approach, 
where the actual physical condition of the facility is evaluated and information is reported 
to a database for further analysis. While an approach such as this appears practical if not 
convenient—as it requires a field based approach to assessment as opposed to a percent- 
age of property value or percentage of system cost approach—it is not uncommon for 
such practice to be foregone.  The authors cite Kahn (1966) who described the decision 
of many owners or investment groups to allow long-term maintenance costs to escalate 
and functional reliability to degrade, with every needed maintenance dollar conceded to 
other priorities. Among life-cycle cost, plant value and other formula based 
methodologies, only condition based assessment is addressed by the National Research 
Council’s Building Research Board and the U.S. Army Construction Engineering 
Research Laboratory (USACERL). The condition based assessment method requires 
completing physical assessments followed by cost estimates to perform maintenance and 
repair for deficiencies noted.  Other methods factor a cost of maintenance and repair 
ranging from 1%-4% of current property value (BRB 1990), whereas the U.S. Coast 
Guard allocates an annual budget of $2000 per residential unit for recurring Maintenance 
and Repair (M&R), based on the Building Owners and Managers international (BOMA) 
1994 Standard; the range per square foot is from $1.37/S.F. in 1993 and increases about 
1.1% per year. However, underfunding has been institutionalized as organizations and 
firms allocate M&R funding to other, more emergent needs, honoring an “out of sight, 
out of mind” mentality. Since incremental and other formula based approaches do not 
consider current and changing specific property conditions, they effectively under-
estimate the impact of neglect and the penalties caused by maintenance deferral. Of the 
condition-based assessment approaches, the BUILDER Sustainment Management System 
(SMS) model developed by the USA-CERL offers a comprehensive condition assessment 
process, “intended to collect the minimum amount of data necessary to define the 
condition of a building and its components, develop annual and long-range work plans 
and budgets, and formulate M&R budgets.” Ottoman et al also point out that advanced 
modeling techniques, including expert systems, had not been widely adopted at the time 
of this work. 
 
Sun and Che (2012) propose the integration of existing Building Information 
Modeling (BIM) designs into the real-time monitoring of the update of equipment 
information, maintenance and fault handling. As the design requirement for especially 
newer building stock is captured in the design/construction phase of a project, the data 
can be readily accessed within the BIM model including equipment schedules, location 
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matrices and specification tables.  BIM involves the digital capture of constructible 
information that is updated as real-time conditions on a construction project change as the 
project approaches the operations and maintenance phase. Therefore, the relevant 
information for maintenance and repair of constructed systems is captured in a 3D spatial 
representation of the constructed facility, in a design method that facilities staff can 
understand. However, BIM is not actively pursued as a decision support visual aid in 
facilities management departments (only 42% adoption) compared to its use in design 
(83%) and construction (79%) phases (Burcin Becerik-Gerber, 2011). While only 42% of 
respondents have adopted BIM in the O&M phase, 78% of non-BIM users agreed that 
BIM could be used more heavily during O&M of a facility. 
 
Lind and Muyingo (2011) define the specific uncertainties attendant to building 
maintenance planning that make long-term planning less meaningful. Building 
maintenance is viewed within industry as moving from something seen as a necessary 
evil to something that is an integral part of this business process with a focus on 
reliability and cost effectiveness (Ahuja and Khamba, 2008) especially since the increase 
in housing stock as a result of the decades of economic growth after World War II. 
However, the author comments that “the research on property maintenance is 
underdeveloped, as argued in Wu et al (2010).”  While many owners make three to five-
year maintenance plans, these plans are not adhered to for more than a few months (Wu et 
al, 2006). In addition, property managers who were asked how much of the past year’s 
M&R budget should carry forward to the next year, the answer was only about 50% of 
last years’ budget, which the authors deemed as “irrational.” 
 
Industrial Standards for Operation (ISO) European Norm (EN) 13306 classifies 
M&R into two categories: maintenance required prior to a detected fault (preventative 
maintenance) and maintenance required after a detected fault (corrective maintenance). 
Preventative maintenance is sub-divided into condition-based maintenance (scheduled, 
continuous or upon request), and pre-determined maintenance (scheduled). An area of 
developing interest is “opportunistic maintenance”; that is, maintenance that is able to be 
undertaken when an opportunity to perform it coincides with other work routines, 
leveraging economies of scale. Genetic algorithms and robust optimization have been 
used to determine the appropriate timing of opportunistic maintenance (Saranga, 2004; 
Kuhn and Mandat, 2006). While the authors promote the concept of a maintenance 
strategy, they also recognize the lack of consensus on what the definition of a strategy 
should be, as even the industrial standards (EN 13306 and ISO 9000) disagree on the 
scope and scale of a strategy. 
 
Outside the real estate sector, there is a concentration on collection of information 
to make failure rate prediction possible; a smaller group of people are entrusted with 
collecting and increasing available information, in a dynamic decision support 
environment. Failure rates and costs are also explicitly modeled in an optimizing 
framework where tradeoffs between costs versus expected revenues of a maintenance 
policy can be compared, with a graduation from time-based maintenance to condition-
based maintenance. More dynamic systems of M&R are the natural response to inherent 
uncertainties in property management including uncertainty about the structure of an 
object, expected life times, cost of specific remedies or corrective actions, and the value 
of the option to wait (which is inherently appealing as its cost is zero in the current time 
period). Pre-conditions for good planning under uncertainty within the real estate sector, 
and in the development of a knowledge management system include automatic 
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monitoring, inspection rounds with regular intervals, and feedback from the field. A 
division of more or less critical components, the prioritization of systems (heating system 
in an older home, etc.) and core versus non-core properties or systems is also suggested. 
Plans and projections for the short-term (one year or less) should be updated several 
times throughout the year, and opportunistic maintenance should be considered in parallel 
with preventative maintenance, though the authors do not suggest a specific method for 
achieving such efficiency. 
 
Tsui and Fong (2012) specify the primary and secondary functions of a knowledge 
management system for knowledge workers in a property management division in Hong 
Kong, as document management and process management systems have rapidly 
developed with advances in IT applications. The use of a single gateway of stored 
information with a single entry point and the ability to customize content, tools and utility 
in line with business decision support, are the fundamental features of an Enterprise 
Information Portal (EIP).  Such a portal developed for property managers must factor into 
collaboration between office and out-posted (field) staff. Of those surveyed, business 
intelligence ranks as the highest priority for most respondent segments (including job 
type, years of working experience and among workers of a property management 
division), followed by collaboration and communities of practice (CoP’s). Expressed 
frustrations exist around lack of proper data management and governance, lack of user 
tools for the completion of reports and poor search engine and taxonomy support. 
 
Lambie-Hanson (2015) utilized public data for the City of Boston regarding 
reported violations, citations and property maintenance violations and found that there is 
a correlation between the different stages of the foreclosure process and the level of 
required maintenance on a property; that bank owned properties are the likeliest violators 
of property maintenance; and that the “dis-amenity” of decreased maintenance on a Real 
Estate Owned (REO) or foreclosed property results in the reduction in property 
valuations within the same neighborhood. A result of the sub-prime mortgage crisis, 
increased foreclosures negatively impact minority-dominant communities, as Hispanics 
and African-Americans were 2.8 times more likely to have been granted a sub-prime 
mortgage. Explanations for subsequent delinquent property management include 
financially distressed property owners, a lower sense of community solidarity resulting 
from a high concentration of vacant properties which dilutes the sense of 
neighborhood/community, and a negative response to a decrease in adjacent property 
values subsequent to a foreclosure. Foreclosure most adversely affects single-family 
homes, which are “more than 10 times more likely to receive a complaint while bank 
owned as while owned by a borrower who is current on his/her mortgage.” Because 
foreclosed properties are often in neighborhoods with decreased property values, 
negative equity (upside-down) mortgage holders spend 30% less than homeowners with 
positive equity. As foreclosed properties tend to sit for long period of dormancy, these 
negative effects are further confounded by continued dilapidation of housing stock, 
which when placed into rental, results in lack of occupant or owner initiative to maintain 
and improve the property. Property management is proven to add value, especially for 
older and more distressed properties (Li and Monkkonen, 2014). In fact, a study by 
Reischl et al (2016) showed that unoccupied properties were three to 11 times as likely to 
exhibit visible features indicating disorder (i.e., broken windows, boarded doors, 
discarded appliances/furniture, and graffiti) than occupied parcels. 
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Tan et al (2014) identify the critical success factors for building maintenance and 
client satisfaction and company qualifications (certification) ranked highest among Hong 
Kong property management clients. The top factors were Client Satisfaction (1), 
Certification of the Company (2) and Reliability (3) and Quality (4) of service. Cost 
management, work execution control, communication and responsiveness also scored in 
the top 10 factors, followed closely by reliability of service and quality of service. Cost 
management ranked 6th in the survey, while education and training (15th), risk 
management (16th) and innovativeness (25th) rank below the 50th percentile. The 
principal factor to property management success was defined as maintenance service; the 
authors suggest a service quality control program could be a competitive advantage. 
Another principal factor is organization and project management, entailing an 
“appropriate organization structure” to “enable a contractor to make optimum use of 
resources and improve quality and efficiency of communication.” This fits well with the 
resource based view of the firm as espoused in project management literature. 
 
The most prevalent tool for managing a property is a property management plan, 
which operationalizes the immediate and long-term decisions attendant to sufficient 
upkeep of a property. Muczynski and Gawron (2014) propose a methodical basis for 
developing a property management plan as a “compact set of documents (i.e. analyses, 
forecasts and programs) which comprehensively characterize a property, the market 
surrounding it, as well as a manager’s goals and tasks in relation to the specific 
property… within a specified period of time.” Salient features of a property management 
plan as described in the literature include a clear scope of the rights and obligations of a 
property manager, the goals of the owner in having a property managed (as a result of 
legal, ethical and financial analysis), the goal of the most intensive use of the property 
taking overall constraints and opportunities into consideration, and a top-down approach 
that integrates both long-term property management requirements with more operational 
requirements. The plan should be a plan of “directed actions, aimed at ensuring the 
optimal method of property use and management” and should include a schedule of 
maintenance, investment and repairs, marketing and organization of management. 
 
2.2 Optimization Approaches in Construction Management 
 
Brusco and Johns (1998) present an integer goal-programming model to 
investigate cross training and multi-skilled resource policies to optimize the labor force 
of a large United States paper mill. The study found that the breadth of cross-training 
(number of skill categories) is more influential on workforce size than the depth of cross-
training (productivity levels in each skill category). The study focused on 4 skill 
categories and only 100% or 50% competency levels in assigning the workforce to 30-
minute planning intervals for an 8.5 hours shift in a continuous operation (24 hours a 
day). Results showed that partially skilled workers were able to match the solution cost of 
more than 50% of the 100% productivity assignments. 
 
Hegazy (2000) uses the Earliest Late Start Rule (ELS) to simplify the 
computational effort required to model resource substitution for laborers within a 
Multi-skill resource scheduling algorithm to achieve a reduction in project delay of 
up to 80%.  However, the author notes the difficulty with which such a model is 
accepted due to United States labor regulations and possible jurisdictional issues 
regarding division of labor, whereas in Canada such multi-skilled labor schemes are 
encouraged by the Christian Labor Association of Canada, and the use of multi-skill 
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labor is accepted practice in other countries. 
 
The Construction Industry Institute (Burleson et al, 1998) evaluated multi-skill 
craft capabilities in construction as a solution to the declining number of trade entrants 
into the workforce, and found that multi-skilling of trade labor resources resulted in a 5% 
savings in labor costs, a 35% reduction in required project workforce, and a 47% increase 
in average employment duration per worker. The report conducted an in depth 
investigation of current literature to develop a new craft strategy where overlapping areas 
of skill were assigned to more than one trade. A model plant that has been used in two 
prior benchmark productivity studies was used to evaluate the operational benefits of 
multi-skilling, where the application of this new approach to the division of labor with a 
dual skill strategy as well as a four crafts strategy of Civil/Structural, General Support, 
Mechanical and Electrical skill types. The study presumes that some limitations may 
occur using this strategy to include: 
 
1. Infrequent use of skills makes maintaining some skills difficult. 
 
2. Constant movement of workers on the site may become disruptive, in the 
case of large projects. 
 
3. Training costs may eventually outweigh the benefits of increased 
flexibility provided through multi-skills. 
 
The most common benefits reported from the proposed multi-skilling approach 
were increased employment duration, improved marketability and increased sense of 
security/satisfaction, increased flexibility in worker assignment, lower turnover, smoother 
workflow with less downtime between tasks, fewer workers needed to complete the 
project, and lower costs to the owner. The research found that users believed complex 
tasks were not suited well to multi-skilling, and that recruiting multi-skilled workers and 
validating their cross-functional skills would be difficult. Also, the question remained of 
how to address deteriorating skills due to lack of use. 
 
Gomar et al (2002) expands on work by Gomar and Haas that concluded that the 
benefits of multi-skilling are marginal beyond 10-20% concentration of multi-skilled 
workers in a project workforce and that individual benefits are marginal after acquiring 
competency in two or three crafts. Gomar applied the multi-skilling strategy to a partially 
multi-skilled workforce to develop the Multiskilling Optimization Model for Allocation 
(MOMA) which was tested and validated using the Construction Industry Institute (CII) 
model plant data and pursued the objectives of: 
 
• Minimize the number of worker days used in a project 
• Minimize the number of hires and fires. 
• Minimize the switching of workers from crew to crew. 
• Increase the employment duration. 
 
The model was programmed in General Algebraic Modeling System (GAMS) 
and a demand histogram was derived from the demand schedule, derived from a standard 
resource loaded Critical Path Method (CPM) schedule. An economic penalty function 
enforces worker hiring and firing conservation and the model emulates the 
superintendent decision of who to assign, hire and fire. CII model data were 
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systematically varied to test the capabilities of the model. The findings of this study 
reinforce the CII findings that single skilled workers were preferred in the model only 
after multi-skilled workers were allocated. The study also finds that after two or three 
additional skills are obtained (based on the model’s skill classifications) the extra benefit 
from additional skills is marginal.  However, the authors also suggest that the model 
should be field tested against actual construction project plans to evaluate the model’s 
actual potential. 
 
Tam et al (2001) propose a Genetic Algorithm (GA) approach to modeling the 
effect of multi-skilling in the Hong Kong Housing Authority and public works 
departments. The GA begins with an initial population of random solutions and their 
respective fitness values for the current scenario. Solutions to the model with higher fit- 
ness values are more likely to ‘reproduce’ new solutions. Through a process that mirrors 
genetic mutation and crossover, the solutions evolve toward optimality for the model, in 
a process that imitates survival of the fittest. Three scenarios were pursued, first the 
base single-skill scenario; then a limited multiskilling scenario where the number of 
single-skilled laborers was limited so that additional labor would be from a multi-skilled 
labor pool; and finally a scenario where the volume of work was increased. In the base 
study, with a population size of 1000 and 150 generations of the model, the arithmetic 
results of the matrix assignment matched the base case.  However, multiskilling resulted 
in a 3.7% cost increase to use other tradesmen to satisfy work demand. The study 
concludes that such a cost increase may be offset by the benefits gained from multi-
skilling, in terms of labor retention, laborer loyalty and worker sense of well-being. 
 
Fitzpatrick and Askin (2004) develop and test mathematical models for formation 
of effective human teams to ensure depth and breadth of technical skills within a cellular 
manufacturing environment. Each employee in the study begins with a key skill upon 
which a multiskilling strategy is built upon. The Kolbe Conative Index (KCI), a psycho- 
metric system that can be used to form teams, measures conation which refers to the part 
of the mind that controls conscious effort and strives to carry out volitional acts, and is 
used to predict team performance. The study constructs teams based on a balance of the 
psychometric traits of the laborers, based on individual capacities for four instinctive 
behaviors: probing, patterning, innovating and demonstrating. The study also compares 
the measures of synergy (distribution of team energy across operating zones) and inertia 
(an excess of conative energy in a combination of action mode and operating zone). A 
Multiple Integer Program (MIP) is utilized to sequentially build teams while maintaining 
a good balance of modal instincts but constraining assignments to the least flexible skill 
group-mode combination, and nine different problem sizes were tested, each problem 
consisting of four skill groups, and each group was required to consist of an equal 
number of individuals. Due to computational complexity, a construction heuristic was 
developed in CPLEX. Results found that the heuristic had both positive and negative 
characteristics. While the average deviation from the lower bound in the model was al- 
ways less than 12%, the maximum deviations from the selected measures were higher but 
remain below 22%. The model found, however, that when the number of potential 
members is higher the results may overstate the weighted values might not be a good 
indicator of potential problem areas. The study concludes that future research should 
include study into more suitable measures of group productivity. 
 
Bennour and Crestani (2007) formalize and generalize performance estimation by 
linking human capabilities and process performance within an industrial process. Human 
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resources possess implicit cognitive and decision making capacities and represent a key 
factor in process performance.  Most industrial engineering approaches fail to consider 
the effect of human resource competency, as they view human resources as material 
resources. In the resource based view of labor, individual competencies are attributes that 
define the resource capacity in terms of knowledge, know-how and behavior, observed at 
the individual and collective level. The research posits that it is possible to quantitatively 
estimate the impact of such competencies on performance (in terms of quality, cost, time, 
etc.). These competencies modulate the performance of the system-wide process under 
practical industrial engineering laws. Individual worker profiles are developed from 
worker evaluations and interviews.  Competences in the study were technicality (ability 
to realize), decision making (ability to decide-supervise-manage), autonomy (ability to 
undertake), innovation (ability to create), management (ability to negotiate-organize-
animate) and relational (ability to communicate-cooperate). A novice worker will 
increase process duration, whereas an expert will decrease it, and each worker is 
assigned a value for each trait from “inferior” to “excellent”. Intra-business and inter-
business behaviors are distinguished in the formation of teams. The Model for the 
Organization and the Validation of Enterprise Structures (MOVES) modeling language is 
adapted to represent the enterprise model, and a competency-based perception of the 
human entity to support performance estimation. All stakeholders and technical aspects 
of the system were captured in a meta-model, and activities are broken down into sets of 
tasks, and the relationships between competence and performance is formulated. The 
approach allows for a connection between quantitative aspects of the system-wide 
performance metrics, and the qualitative aspects of the worker-performance review 
process. This makes it possible to simultaneously integrate aspects related to the 
individual as well as collective work while using a single formalization of a performance 
expression.  However, the model is only as strong as the underlying performance 
modulation laws and inter-relational weights of competencies. The authors suggest future 
development of the model where human resource capacities and behaviors at work are 
formulated in more detail to more rationally link knowledge and competence. 
 
Elfwing et al (2007) approach the Reinforcement Learning (RL) algorithms and 
the development of hierarchical learning structures to observe how the work breakdown 
structure of a project or task into subtasks can inherently speed up the cognitive capacity 
of an operator. The study evaluates a robot programmed with low-level motor actions that 
are able to combine to form higher-order modules adapted to the working environment. 
The RL approach is used to optimize the meta-aspects of the learning routine including 
primitive behaviors and hierarchical learning structures. A search and collect program is 
performed by a robot within three distinct environments. When the robot (agent) 
successfully navigates (by virtue of adopting one or a combination of low-order 
functions) the search space, it also learns to adapt the lower-order functions to resolve 
higher-order requirements. The MAXQ framework based on Q-learning and State-
Action-Reward-State-Action (SARSA) is used where hierarchical RL is defined as a 
semi-Markov Decision Process (semi-MDP). Depending on the task decomposition, the 
MAXQ framework searches for the recursively optimal policy to achieve subtask, sub-
routine, and task completion with minimal cumulative penalty or maximum cumulative 
reward within a continuous state of information. The role of the evolutionary process is 
similar to the GA) approach, where already primitive behaviors evolve into more 
complex behaviors by mixing competing strategies according to how well they perform 
the task. When the program was evaluated during robotic performance of a simple 
“forage” program (consisting of three levels of decomposition into successively lower 
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order tasks), the robot continued to learn more stable routines and advance its learning 
policies, even when the learning structure was almost fixed. The study found that the 
robot pursued a minimal strategy that minimizes the number of primitive subtasks that 
achieve the subtasks’ goals, in particular the program searches for the scenario where 
only one subtask is required to process a sub-goal, which removes the need to re-learn 
behaviors. The research shows the difficulty attendant to process and task 
decomposition, as well as the benefit in reduced learning time when higher-order 
routines are composed of simple lower-order behaviors. The main conclusion of the 
experiments is that Genetic Programming can find a minimal strategy to the problem at 
hand, i.e., a hierarchy that uses as few primitive subtasks as possible for each type of 
situation the agent can experience while performing the task. 
 
Canini and Griffiths (2010) model transfer learning in a Bayesian general mod- 
el—the Hierarchical Derichlet Process (HDP)—as a general characterization algorithm 
that exhibits when a learner must simultaneously learn about multiple categories of 
information to be shared between participants. The relational model categorizes 14 
artificial categories containing 8 different clusters of stimuli, where the clusters induced 
by learning one category can be used to inform learning about another category; this type 
of learning is observed in human learning behavior. The HDP allows us to explore how 
the capacity to share clusters between categories influences category learning by 
comparing performance models that allow sharing to ones that do not. The research finds 
that human learners are able to accurately reconstruct taxonomy structures in category 
systems from a limited number of examples. 
 
Janiak et al (2009) develop solutions algorithms for the make span minimization 
problem to include the learning effect.  Whereas most research to this point in the area 
of operations research and computer science focus on application of Wright’s learning 
curve, this research implements a learning function that is an S-shape curve which has 
been found in practice, a novel application in the scheduling domain of research. The 
experienced-based learning scheduling model developed by the authors instead of the 
time-based learning approach commonly seen in machine learning environments, is an 
NP-Hard, branch and bound algorithm, and job processing times are non-increasing 
experience based functions. The computational results of the experience-based model 
are compared to other heuristic algorithms and is found to perform well, solving 
optimally for 30 jobs on average in a few minutes with very low mean relative errors 
and low computational effort. 
 
Janiak and Rudek (2010) address the project assignment make-span minimization 
problem with a multi-ability learning effect. Depending on a job, a worker can learn a 
skill faster or slower; thus reduction of processing time should result in more rapid 
learning. The solution algorithm for multi-ability learning (SAMALE) schedules jobs ac- 
cording to the non-decreasing order of the learning ratios, as well as scheduling any jobs 
where learning can be advanced before arbitrarily assigning those jobs where no learning 
will occur. An exact polynomial time algorithm was performed and found to solve 
optimally. 
 
Pitio et al (2010) proposed the evolutionary algorithm oriented by knowledge 
(EAOK) based on the adapted evolutionary algorithm and a model of knowledge based 
on the Bayesian Network formalism and used to direct relevant orientations into the 
search process. The Bayesian network (BN) is the formalization of expert knowledge 
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from individuals generated by the GA. Again, projects are recursively decomposed into 
sub-projects and a hierarchy of tasks is constructed into a project graph.  Knowledge can 
be capitalized from previous optimizations (learning from experience) and knowledge is 
improved by learning from the most interesting solutions obtained during the search. This 
model requires a priori knowledge about the structure of the network and the learning 
during optimization is achieved through probability updates to make it possible to 
concentrate learning effort to the probabilities estimation. Prior to this study most 
searching and learning processes have few interactions during the algorithm execution. 
The model of knowledge (MOK) helps to formalize the links between the decision space, 
evaluation space and context space. The BN is a probabilistic model that represents a set 
of variables (nodes) and their conditional dependencies (edges between nodes) in a 
directed acyclic graph. The conditional probability of each state of a node can be inferred 
according to the state of other nodes. 4 node types exist in the model: objective, decision, 
concept and environment. A decision node can take into account all possible choices 
(states) for a decision; the objective node is generally to solve cost minimization or 
project delay minimization. Concept nodes reduce the complexity of the model and also 
model expert knowledge and enable the model to progressively build links between 
decisions and objectives. Concept nodes are the result of knowledge in the work 
environment that can be contextualized into concept nodes.  
 
            Two strategies can be used when executing the model: structural knowledge 
utilization (subsequent gene inhibition) and diploid knowledge preservation (inactive 
genes are repurposed in some other area of the search space). The MOK is not updated as 
long as the best solutions of the Pareto front are improved each cycle. Probabilities of the 
BN are learned from source cases using the Expectation-Maximization (EM) algorithm 
and the junction tree algorithm is used to exploit the learned model. The quality of 
available learning cases appears to be the most important characteristic in order to obtain 
a relevant model. Those strategies where the focus is on utilizing qualified individuals 
first helps to ensure learning capabilities of the MOK are not saturated among individuals 
with a poor fit. Stopping criterion also has significant influence on the model 
performance. Fast learning is good for global guidance and decision support whereas 
longer learning can cause over-guidance of the search resulting in over-learning or 
stagnation of search around already found individuals. While structural knowledge can 
be used to build a network model, the best strategy is reliable, actual information.  
However, actual benchmarks have not been explored in presenting the EAOK approach. 
 
Wongwai and Malaikrisanachalee (2010) aim to improve the starting time of 
projects by resource substitution where a project’s labor resources can be fulfilled with a 
combination of single and multi-skilled labor if substitutions satisfy the complete 
requirements for that project, in an all or nothing approach. The objective is overall 
shorter project duration subject to project timeline and resource availability constraints. 
While the approach can solve for the shortest project duration it does not guarantee 
minimum project cost. The model does not consider overtime or temporary external 
workers, or lag and lead times, in its solutions. 
 
Czyz et al (2011) works to minimize total tardiness using a parallel computation 
approach where an autonomous human learning system (ALS) is formalized. There is no 
precedent relationship among tasks, so tasks are scheduled in order to maximize 
autonomous learning efficiencies from task repetition.  Proposed computation 
approaches utilize Nawaz-Enscore-Ham (NEH), tabu search and simulated annealing 
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which show high accuracy of problem solution. Parallel computation approaches 
significantly reduce computation times of these methods. 
 
Florez et al (2012) argue that the consideration for social sustainability measures 
has been absent from literature and can be beneficial in deriving a system-wide stability 
as an optimization goal. As work volume ebbs and flows, the cost to hire, train and 
release labor resources can cause problems with maintaining steady state efficiencies and 
compromise team dynamics. The lack of training and growth in trades based jobs results 
in high turnover rates while the opportunity for advancement of new skills is limited. 
Multi-skilling is presented as a suitable option for reducing negative attitude of workers, 
offering a chance for skill development and team cross-pollination, an increase in 
average employment duration and increased job continuity, and a reduction of time and 
cost delays due to behavioral factors. A MILP is used to solve the Multi-Skill Resource 
Constrained Project Scheduling Program (MRCPSP) in a fixed multi-period panning 
horizon and allocates resources so that drastic measures (hiring, firing, etc.) are reduced. 
The objective of the model is to minimize the absolute distance of the number of workers 
around the average resource level required. 
 
Liu and Wang (2012) optimize the linear project schedule (as exemplified in the 
case as a bridge construction project) using single and multi-skilled labor resources to 
improve work continuity. Single skilled crews are selected for corresponding work types 
first, and multi-skilled contractors are used to backfill remaining crew needs and improve 
work productivity. However, only one multi-skilled crew can execute one task at a time 
before moving to the next work as scheduled.  The model anticipates reducing slack time 
and project delays as work repetition is promoted. Constraint Programming (CP) is used 
to prevent limitations due to certain model formulations, while offering flexibility in 
modeling different constraints. Project duration is minimized for 5 types of repetitive 
activity including excavation, foundation, column, beam and slab work. Integrated 
productivity is derived by utilizing the multi-skilled crew to ensure single-skilled 
workers maintain task consistency required for increased efficiencies. The model is 
situated as either able to be interrupted or unable to allow interruption.   The utility of the 
model is in the ability to anticipate the temporal hiring for a linear project where 
repetitive task efficiencies can be achieved. 
 
Zha and Zhang (2012) consider both induced and autonomous learning to 
schedule projects with multi-skilled workers. The sum of processing time based learning 
function developed by Kuo and Yang was used to model the learning effect. A randomly 
generated example project was used and results show that total cost first increases due to 
costs incurred in the induced learning process, but as efficiencies grow though learning, 
the cost increases are offset and eventually total costs are decreased. The level of induced 
learning for a worker corresponds to the combination of project make-span and total cost.  
 
Alikhani and Fazlollahtabar (2014) optimize a model of organizational learning 
capability (OLC) which consists of 10 effective factors for organizational learning in 
different parts of an organization. A multi-objective approach utilizing the epsilon 
constraint is used to validate the methodology. Such factors under consideration include 
risk taking, interaction with the external environment, team dialogue, participative 
decision making, managerial commitment and a systems perspective, among others. 
These factors are measured for a firm and incorporated into the optimization. The context 
of this model is of knowledge management in companies.  Learning capacity can thusly 
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be maximized. A conflict avoiding heuristic scheduling algorithm is implemented in 
Lucko et al (2014) that minimizes total project duration, in particular addressing the 
complexity of considering physical workflow direction within a Cartesian coordinate 
framework.  The algorithm considers and resolves all spatial conflicts in the progress of 
work on site among overlapping pairs. As Geographical Positioning Systems (GPS) and 
Geographic Information Systems (GIS) are more fully utilized in project planning, such 
data can be converted to real time workflow in this three dimensional space to record 
work paths.  Most models assume a one-directional workflow and dependencies are not 
structured to remedy spatial conflicts. The benefits of such an approach can be seen with 
the adoption of Computer Aided Design (CAD) and Building Information Modeling 
(BIM) which have become ubiquitous in current construction practice on linear projects 
while reconsidering workflow to allow least critical tasks to be pre-empted by the critical 
workflow path. The algorithm itself identifies the progress direction and start time of 
each activity and the shortest possible total duration. A greedy procedure based on 
predefined spatial heuristics schedules the work in chronological order to achieve the 
maximum time gain at each step. The approach when applied to a sample case resulted in 
31.3% time savings compared to CPM when considering the task progress in the two-
dimensional space. 
 
Abotaleb (2014) applies the GA approach to assign multi-skilled workers to non-
pre-emptable tasks so that lost productivity due to downtime (a by-product of a salaried 
worker not being considered for work which he is unqualified) is eliminated.  A 
productivity factor matrix is used to structure the relative comparative productivity 
between secondary sources of skilled labor when trained primary sources are unavailable, 
also considering the additional cost to train or hire multi-skilled workers. Solution results 
find that even if the multi-skilled wage is 30% more than a single-skilled worker, the total 
labor costs are decreased. Total project duration was likewise decreased by over 45% 
using a multi-skill strategy. This approach is an alternative to crashing and overtime costs 
while offering more flexibility on the utilization of resources. 
 
Malachowski and Korytowski (2015) marry hierarchical competences modeled 
as a weighted diagraph and learning curves to model individual learning rates when 
multi-skilled workers perform repetitive operations. As worker performance changes 
with experience (the number of repetitions) this research also considers the interrelation 
between competences; that is, advancement of one competence loads positively on other 
competences when the interrelation of those competences is quantified.  The objective is 
minimizing the cost of expanding a workers’ competence in order to meet some given 
requirement. Competence construction follows the hierarchical structure where 
elementary competence cannot be divided into more precise competences. A 
competence analysis phase is conducted to assess individual competence bases. 
Advanced competence is composed of elementary competences; thus, simple 
competence builds and combines to create complex competence, mimicking the natural 
hierarchical learning process. Compound competence is where a synergy effect occurs 
due to the combination of sub-level competences; this can be different than advanced 
level competence. Competence relation force tells how much a higher-order competence 
relies on component competences; whereas relation forces factor the interrelation of 
competences; for every competence, a learning curve is assigned. Consideration for 
minimum thresholds is enforced so that prerequisite competences are satisfied in order to 
be considered for a working post (active competence). The proposed approach is shown 
to more precisely estimate performance of a worker, individually and as a work cell. 
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However, the research assumes a manufacturing assembly line application as opposed to 
the domain of scheduling and staff assignment in construction. 
 
 
2.3 Summary of Literature Review 
 
In the existing academic literature, models show the potential for efficiency gains 
when utilizing a multi-skilled approach to labor allocation. Other studies offer mixed 
results when considering the integration of multi-skilling into a single-skilled 
environment. Authors also suggest that a model should be field tested against actual 
construction project plans to evaluate the model’s actual potential. Multi-skill resource 
assignment in prior literature did not take into consideration multiple locations or 
competence. Optimization approaches such as genetic algorithms and strict integer linear 
optimization have been used with noted success when evaluating existing data sets. The 
research shows the complexity of process and task decomposition, as well as the benefit 
in reduced learning time when higher-order routines are composed of simple lower-order 
behaviors. The authors point out the obvious limitation; that is, how do you maintain 
levels of reinforced learning in a human system? 
 
This research supports the advantages of a team-oriented approach to training and 
skill development; however, most of this research is grounded in theory. Developments 
in software technology facilitate the development of mechanisms of knowledge transfer 
within a construction organization; however, dynamic visualizations tend to create an 
extraneous cognitive load as working memory attends to the complex presentation of in- 
formation as opposed to the actual content of the work in practice. Project-based learning 
mechanisms and practices are often not adequately supported by management since they 
involve returns from intangible assets that are not directly visible or measurable. Future 
research should delve into more suitable measures of group productivity and where 
human resource capacities and behaviors at work are formulated in more detail to more 
rationally link knowledge and competence. More personal and social approaches to the 
flow of knowledge is needed to enhance knowledge creation and knowledge sharing 
practices. Organizational learning structures should be “firmly embedded within the 
existing short supply-chain structures and beyond.” This presents “one of the greatest 
challenges to the creation of commercially viable and socially enduring supply-chain 
management practice in construction”. 
 
Despite the incorporation of sophisticated mathematical modeling approaches, the 
more advanced modeling techniques, including expert systems, had not been widely 
adopted at the time of this work. Property management literature conveys a lack of 
consensus on what the definition of a strategy should be, disagreement on scope and scale 
or such a strategy, ambiguity of industrial standards as applied to the growing field, lack 
of proper data management and governance, lack of user tools for the completion of 
reports and poor search engine and taxonomy support to support a plan of directed 
actions, aimed at ensuring the optimal method of property use and management. 
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Table 2.1 Summary of Mathematical Models in Literature Review Compared to this Work. 
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Table 2.2 Summary of Qualitative Research from the Literature Review 
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Chapter 3 
 
Problem and Data Description 
 
3.0 Introduction to Data Analysis 
 
The data analysis on property management took considerable time and effort to 
prepare. The focal firm allowed complete access to data repositories from which relevant 
insights were collected. I explain the subject of analysis and offer more detail into the 
operating environment through the exploration of this data, which sets up subsequent 
model design. 
 
3.1 Problem Setting 
 
The problem I explore is how maintenance tasks are assigned and scheduled to 
maintenance technicians in the course of property management and how to reduce, to the 
maximum extent possible, all costs associated with the assignment of labor to tasks of 
various urgencies, locations and skill requirements. The nature of the operating 
environment plays a significant factor in these decisions. Jobs are geographically 
dispersed; each maintenance requirement has a priority independent of other jobs; and 
the rapid pace of work requests increase the likelihood that assignment fails to enforce 
cost minimization while considering competence, distance of jobs or completion times. 
 
Pen/pencil and paper methods can solve the scheduling problem for a handful of 
jobs assigned to a few workers; it becomes significantly more complicated to 
simultaneously consider dozens of jobs with their required priorities, deadlines, and skill 
requirements. In the focal firm’s standard of practice, jobs were assigned daily. Enough 
work was assigned to an available competent worker so that each worker was given a 
day of work. If a job was assigned and a worker felt they could not complete the work, it 
was subsequently reassigned until it was performed. Routing was not considered in work 
assignment. A general rule was, “if a worker was on one side of town, he should stay near 
that area.” Jobs were assigned based on a squeaky-wheel approach, responding to the 
most demanding tenant or owner regardless of cost or seriousness, indicating a 
motivation caused by urgency so that work deemed of highest priority by the tenant or 
the owner was always assigned first, indicating an emotional decision making policy as 
opposed to an economic decision, which could lead to instability in work assignment and 
worker-job mismatch. 
 
         Property management requires that both routine and non-routine maintenance 
tasks are performed on time, and by a qualified maintenance technician who is 
competent to perform that task. The conditions of work in property management do not 
always allow such single-skill focus.  The use of single-skilled labor can be expensive 
if the worker is not fully utilized.  Single–skill labor also requires such a volume of 
single skill work that is not always feasible in the working environment of property 
management I studied where a single-skill approach would not be optimal for property 
management organizations twice the size (greater than 300 properties) where a 
workforce may be required to alternate skills and adapt to fluctuating skill demands. 
The result of the ad hoc assignment using only management discretion is capable 
of keeping workers busy; it is not necessarily capable of making the best assignment 
decisions, defined as the decision of assigning a worker to a job that s/he is qualified to 
Vatterott, Anthony, 2018, UMSL 35 
 
  
perform. That worker is also the least-cost, qualified person available from a pool of 
labor, when also considering every other job available for assignment. At the same time, 
the assignment decision also considers the deadline of each job, in terms of how many 
days are allowed before the job must be completed, and I make this decision based on 
the urgency level of the work. Priority rules consider all scenarios where a task 
assignment deemed “more necessary, now” is presented.  Furthermore, while I introduce 
a model that assigns work based on competence, it also allows for the assignment of an 
unskilled worker to a job when assigned to a mentor, at the trade-off of paired labor 
cost.  Finally, the model I introduce optimizes the distance between jobs for each 
worker’s assigned route. 
 
3.2 Assumptions 
 
In the addressed problem, the following assumptions are made: 
 
1. All jobs require a specific single skill to be completed. Those skills in this 
model include the most prevalent skills retrieved from an evaluation of 431 jobs 
performed in a 6-month period between September 2015 and February 2016. All work 
orders were categorized using the experience of a senior technician who possesses over 
10 years of property management and maintenance experience with the guidance of a 
business owner with a background in general construction and a degree in mechanical 
engineering with 50+ years combined experience in manufacturing, engineering, 
design, construction and maintenance. 
 
2. It is assumed that both the skill classes and skill levels derived from available data 
are adequate for this evaluation. These skill classes include Heating, Ventilation and Air 
Conditioning (HVAC), Electrical, Plumbing, Security and Other. In some cases, HVAC, 
Electrical and Plumbing have been combined as Mechanical, Electrical and Plumbing 
(MEP), and Security has been classified into the Other Category, and in a separate case all 
jobs are classified into one category called Other.  The skill levels have been divided up 
into 4 Grades of skill: A, B, C, D. In some cases, the skill levels A and B have been 
combined into a single level A, and skills C and D have been combined into a single level 
of skill B.  In another instance, all jobs are considered to be the same skill level. 
 
3. It is assumed that all work completion times are real and accurate. Work 
completion times are defined here as the time required to perform a job as reported on 
job tickets collected from the field. The work completion times used are real times of 
performance. 
 
4. It is assumed that priority can be generalized to 24, 72 and 120 day working time- 
deadlines, and that work once assigned is not pre-empted. It is assumed that the 
information as entered into the database from which historical work orders were 
retrieved, are entered as true and accurate as is able to be performed, and the 
classification of said work is as true and accurate as is capable of being evaluated. 
 
5. The scheduling function in property maintenance is such that it is typical to 
perform several tasks at different properties which often are not co-located. The required 
travel from one task to another becomes a source of waste (measured in time and cost of 
travel). Because of the great number of locations in the property portfolio, the 
minimization of such costs may offer significant value. In addition, because tasks that 
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are co-located are often skill or task-dependent, the decision of whom to assign which 
job at which location becomes a challenge for pen and paper scheduling when cost-
minimization is considered. The cost to the transition from one task to another is based 
on estimated distances and times traveled.  With regard to the transportation and distance 
costs: 
 
a.) An assumed standard mileage cost of $.565 as allowed in a prior tax year 
(2013) by the IRS, though the cost has fluctuated in recent years. For the sake of 
computational elegance, I also generalize location of jobs to the relevant zip code, as 
opposed to the actual address of the building or unit. In the routing analysis, I then place 
specific addresses on route, to determine the routes more specifically. 
 
b.)  An assumed average travel time combines the shortest and fastest route 
options in terms of mileage and time. For jobs that require travel within a zip code, I 
assume a .17-hour travel time and a 10-mile  travel  distance,  based  on  the sum-
average time to travel between the extents of all zip codes within the Saint Louis 
Metropolitan Area under evaluation, which when evaluating subsequent computations 
falls in line with actual results. 
 
6. It is assumed that once a job is started, it can be completed, or that the general 
practice of a commute to and from work offsets the time and travel cost to and from a 
job that carries over from one day to the next, as is standard practice. 
 
3.3 Decisions 
 
When we consider the structure of this problem, we observe a workforce network 
where assignment and schedule is paired with competence so as to maximize utility of 
skill. The objective function consists of a transportation cost, a labor cost, indicators of 
competency and efficiency, and the necessary temporal constraints and spatial 
parameters based on the data set.  We decide the best cost assignment of a sequence of 
work orders for property maintenance to an available pool of skilled workers. Those 
workers have been evaluated for competency in 5 classes of skill, and at 4 levels of 
competence within each class. We decide to assign work to competent workers based on 
the total cost of assignment. Variable travel costs between jobs can be a significant 
contributor to cost minimization and therefore directly influence work assignment. I 
make this decision considering limitations on labor availability, the requirement of 
timely performance due to priority rules, and the competency of each worker. 
 
3.4 Data Description and General Statistics 
 
The data set was exported from the software as a service (SaaS) platform in use 
by the focal property management company. That data set consisted of over 18 months of 
collected input.  Input for 2,598 work orders was generated between Monday, September 
1, 2014 through Monday, April 11, 2016; or 584 days.  This equates to more than 1 year, 
7 months—more than 84 weeks—of data. 25 data field entries were acquired through 
four primary reports: Work Order, Property Profile, Job Ticket and Invoice Calculation. 
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3.4.1 Descriptive Statistics 
 
From a population of 2,597 work orders, the year each property was built is 
documented in the property profile. For all work orders in the data set, the mean year 
built for a property on a work order is 1931.8. 
 
 
Figure 3.1 Number of Work Orders by Year. 
 
 
When comparing this to the mean age of properties (each physical building only 
counted once) we find that the mean age of construction is 1939, indicating that older 
properties may have more work orders performed as a proportion of the total population. 
For all work orders where the cost to the owner was greater than $0.00, and where the 
time in the system was documented as greater than 0 days, the distribution of work orders 
by age of property is approximately symmetrical and a satisfactory kurtosis for normal 
distribution.  The frequency of work orders with a cost greater than $0.00, where the 
work order spent more than 0 days in the system—indicating that the work order was 
posted for assignment and not just billed out in the system—is shown below. We find that 
885 of 1248 work orders (70.91% of the sample) were for properties constructed prior to 
1950 (at least 68 years old). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Figure 3.2 Frequency of Work Orders by Year. 
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Figure 3.3 Summary Statistics on Year Built by Work Order. Table 3.1 Data for Figure 3.3. 
 
 
Figure 3.4 Summary Statistics on Year Built by Building. Table 3.2 Data for Figure 3.4. 
 
More than half of the sample (51.04%) were work orders on properties older than 
88 years (built 1929 or earlier). Only 9.5% of the work orders were on properties built in 
1970 or later (48 years old or newer). Again the normal probability plot of the population 
indicates excellent distribution characteristics. 
 
 
 
Table 3.3 Correlations for Age and Total Cost for Year Built. 
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Figure 3.5 Frequency of Units Per Portfolio. 
 
In the case studies, we evaluate a set of 39 sequential jobs. These jobs are 
evaluated in batches of assignment of 13, 26 and 39 work orders. Among the samples for 
each batch, the age of the properties are likewise similarly distributed, normally with 
little skewness and kurtosis. While the average age of the 13 instance set has a mean age 
of construction of 1925, the set of 39 jobs indicates an average date of construction of 
1932. The mean distribution between the 26 and 39 instance set is very similar.  
Compared to the overall sample and the reduced samples, the dataset indicates a high 
level of normality for age of property. 
 
 
 
Figure 3.6 Cumulative % of Units Per Portfolio. 
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Figure 3.7 Linear Estimation for Year Built. 
When considering the age of the year built of the property and the age of a 
property, the length of time a work order is in the system before completion, and the cost 
of a work order, we find that there is no statistically significant correlation between the 
age of property and the cost of a work order. The managerial implications of this finding 
are that work costs scale approximately normally based on something other than age of a 
building. We also find that there is a significant relationship (p<.01) between the time a 
work order remains in the system before completion, and the cost of a work order. This 
may indicate that more expensive work takes longer time of performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4 Descriptive Statistics for Year Built, 39, 26 and 13 Jobs. 
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Figure 3.8 Frequency of Portfolio Square Feet. 
 
It may also indicate that more costly work orders consist of more task complexity. 
However, it is not to say that labor costs, materials costs, or a combination of labor, 
material and travel are the significant contributors to this cost. We intend to explore this 
aspect later in this work. 
 
When evaluating the size of an owner’s portfolio, approximately 65% consist of 
less than 2 properties, with 20.7% of owners possessing 2-4 properties. Less than 2% of 
portfolios consist of more than 10 properties. 93% own less than 6 properties. The 95% 
confidence interval estimate of the sample mean number of properties in a portfolio is 2 
to 3.17 units per owner.  A cumulative 95% of owners own less than 8 properties. 
 
104 portfolios, or 65% of portfolios, consist of between 1000-5000 square feet of 
leasable space.  88% of portfolios consist of less than 10,000 square feet.  Only three 
portfolios consist of more than 20,000 square feet. The mean square feet per portfolio is 
3,468.98 with a 95% confidence interval estimate of the mean of 2,768.75 and 4,169.21. 
The data is moderately skewed to the right, and indicates a high level of aggregation 
about the mean, with a kurtosis of 13.96. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.5 Statistics for Size of Portfolio. Table 3.6 Statistics for Units in Portfolio. 
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  Table 3.7 Statistics Cost Per Work 
Order. 
  
 
Table 3.8 Statistics Cost Per Square 
Feet. 
The mean owner cost for a work order for 
all jobs in the data set was $336.26. with an 
interval (95%) of between $300.08 and 
$372.45.  Some jobs in the data set were 
performed for no cost, whereas the most 
costly work order was at $19,493.75. The data 
is skewed toward higher price and is highly 
aggregated about the mean.  The total billed 
cost to the owner of the data time range for 
work orders was $873,286.36. The mean cost 
per square foot for all portfolios where such 
information was available, was $.498/square 
foot of leasable space. This indicates that on 
average, an owner would pay approximately 
50 cents per square foot per work order, with a 
95% confidence interval of $.31 and $.69 per 
square foot per work order. A plot of expected 
versus observed costs per square foot indicates 
that data points drift to the higher end of cost 
for a handful of portfolios.  Managerial insight 
would indicate we evaluate the specific 
phenomenon of these portfolios and determine 
what single large projects—possibly gut-rehab 
or large ticket item work orders—are included 
in the portfolio. 
There is a significant correlation between 
the sum of square feet in a port- folio, the sum 
of owner cost, and the count of unit.  This is 
expected, that the total cost for an owner
 
   Figure 3.9 Target Cost per Square Feet, Predicted vs. Observed. 
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to maintain his portfolio should increase as more units or larger units are included in a 
property portfolio. However, what is interesting is the relative cost per square foot and 
the correlation with the total owner cost over the data time period of 18 months. There 
appears to be a statistically significant relationship between the total cost for an owner to 
maintain his property and the total number of square feet in the port- folio. However, this 
is not the case for the number of units in a portfolio and the cost per square foot.  This 
may indicate that non-property factors, such as labor cost, travel cost, or other costs that 
are not due to the physical age of the property contribute to a higher cost per square foot 
for maintenance. The relationship between cost per square foot and the sum of owner 
cost by portfolio, is significant at the p<.01 level (two-tailed, .003) and explains .326 of 
the variance. 
 
 
 
Table 3.9 Correlations for Portfolio Size and Maintenance Cost. 
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When evaluating both the complete sample set, and a selection of 416 work orders 
from the last 6 months of the data set, we find that the majority of work orders (greater 
than 80%) are derived from the top 12 zip codes. The top two zip codes (63118 and 
63111) both increased in relative proportion of total work orders for the sample versus the 
population. The proportion of work orders that were performed in zip code 63135 
increased, and switched places with 63116 at the third rank, in more recent work orders. 
63116 fell to rank 4. The proportion of work orders in zip code 63130 remained 
approximately the same. It is from the top 15 zip codes in the population that 10 popular 
work zones were selected for further evaluation in a computer optimization later in this 
work. As noted, while the top 5 zip codes remain the same, there is considerable 
movement in rank for the remaining 5 zip codes. 
 
 
Table 3.10 Number of Work   
Orders by Zip Code, Sample. 
Table 3.11 Number of Work Orders 
by Zip Code, Population. 
 
  Table 3.12 Properties Features of Zip Codes Selected in this Study. 
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For the zip codes being used in this research, those properties were collected 
(n=317). The summary statistics are collected for each zip code. Overall, the mean 
number of bedrooms is 2.39 and the mean number of bathrooms is 1.44. Average square 
feet is 1276.84. 
 
 
Table 3.13 Work Order by Request Type. 
 
 
The operational nature of the type of work order is also interesting. Emergency 
Service calls only comprise 2% of total service requests (population); however they re- 
quire immediate attention (no greater than 24 hours). Inspections are scheduled quarterly 
for each property, generally around higher priority work orders, and while they contribute 
to 28% of the work orders, they contribute only 3.7% of total costs. Service Requests 
(68% of all work orders) contribute 81.5% of owner maintenance costs. Generally, these 
tasks must be performed in a reasonable time, subject to customer satisfaction (both 
owner and tenant). 
 
One category of work that results from Inspection, Service Re- 
quest, Violation or an Emergency, is a Make Ready. Make Ready is where a more 
complete scope of work is required in order to make a rental property marketable or in 
compliance with local regulations. These 123 of 2597 Work Orders (4.7% of work 
assigned) contribute 22% of all owner costs. 55% of all work orders were performed 
by a single vendor, contributing to 78.33% of costs. Of these 1428 work orders, they 
include 69% of all Emergency Service Requests, 81% of Violations, and 68% of 
Service Requests. 87.8% of the Make Ready Projects (108/123) were performed by a 
single vendor, contributing 88.4% of all make ready costs. 
 
 
 
 
Table 3.14 Work Order Frequency for A Prime Vendor. 
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Table 3.15 Frequency of Work Order by Category. 
 
 
From a sample of 2,598 work orders, 1555 were entered with data specifying the 
time required to close the work order.  The time to close a work order was on average, 
32.95 days, with a standard deviation of 62.34 days. 
 
 
Figure 3.10 Probability of a Work Order Taking Less than a Certain Number of Days. 
 
When parsing the date of completion for work orders into time windows of 0 to 
30 days, 31 to 60 days, and 61to 90 days, we observe a general positive linear trend for 
the periods from 0-30 days and from 31-60 days, indicating that cost of work increases 
over time to perform the work.  However, after 61 days, the costs begin to decrease, 
indicating a potential over-run of work time, delay, scope creep, or some other non-value 
added delay not tied to cost of performance. 
 
 
  Table 3.16 Sample Raw Data for a Work Order. 
Vatterott, Anthony, 2018, UMSL 47 
 
  
These may be jobs that are 
considered low priority and are 
therefore assigned last—especially if 
labor resources is needed elsewhere; 
whereas the objective is to ensure 
low value jobs are performed quicker 
as opposed to later in order to 
capture value from the work as early 
as possible in a revenue cycle. 
 
For work orders ranging from 
90-120 days to complete, the cost for 
these jobs remains flat at just under 
$1000 per job.  A few points of data 
in this range are apparent make 
ready projects, potentially of low 
priority. It is also possible that 
funding delay, budgetary constraints 
and progress payment may cause 
delay in project closeout. However, 
most of the data in this time range 
show lower value work; if a 
convenient way to schedule these 
jobs earlier is possible—considering 
an average cost per job of less than 
$400—these jobs should be 
performed much earlier in the 
schedule and motivates the need for 
short term scheduling. 
 
For work orders that range 
120-150 days in age, these jobs 
appear to be of two types: large 
make ready projects and very low 
cost work orders (make-good work, 
remedy-to-cure work, or re-work). 
From a quality perspective the low 
value work should be scheduled 
quickly and performed with 
competence to reduce re-work. The 
large value projects, whenever 
possible, need to maintain their 
integrity as a project as opposed to a 
task. However, this is difficult in the maintenance and repair operational environment 
where temporal pressures drive scheduling and assignment. The ability to manage larger 
scopes in line with tasks becomes an arduous undertaking for a single manager.  Overall 
the summary of age data on work orders shows that there is relatively good cost benefit for 
jobs of increasing age up to no greater than 60 days, at which point the return value of 
work orders drops off.  
Figure 3.11 Work Order Cost by Time to Complete 
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Figure 3.12 Studentized Residuals of the Observed Cumulative Probability of the Target Cost 
per Square Foot. 
 
When running the total cost per square foot cumulative probability in SPSS, 
we find that the residuals for the data set compared to the linear trend line indicate 
deviation in the residual of cost per square foot. Cost appears to be disproportionately 
greater up to 40% cumulative probability, and then indicates a more gradual increase 
in cost/square foot until around 80% cumulative probability. 
 
Finally, when evaluating the type of work order when evaluated for skill level and 
worker assigned to perform the job, we find that there is a need for workers who have a 
higher level of skill. On average the number of jobs per worker requiring a level of low 
skill (D) is 2.6, compared to an average demand per worker for jobs requiring high skill 
(A) is 11.1. Jobs that require a moderate level of skill (B, C) are in the range of on 
average, 5-7 jobs per worker, supporting a need for appropriate assignment of job of skill 
level to worker with that skill, to reduce process time mismatch. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.17 Distribution of Jobs by Skill Level Per Worker. 
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3.4.2 Data Acquired from the Work Order 
 
The Work Order is developed by the property manager to capture the salient 
features of a maintenance task, and includes the following information: 
 
• WO#: Each worker was assigned a tracking number, in chronological order. 
• Type: The category of work to be performed (service request, emergency service, 
inspection, violation). 
• (Derived) Category: Whether the work to be performed is unplanned or planned. 
• Description: A narrative description of the work order to be performed and any 
pertinent detail necessary to plan the work. 
• Date Created: The date the work order was entered into the system by a staff member, 
tenant, or other agent. 
• Requested By: The classification of individual who requested the work to be performed 
(i.e. owner, tenant, inspector). 
• Source: How the work request is reported (i.e. email, tenant portal, phone, in person). 
• Priority: The level of urgency for the work to be performed (i.e. high, medium, low). 
• Approved date: The date the work order was approved by an authorized staff member. 
• Start Date: The date work was to be started. 
• Date Completed: The date work was closed in the system. 
• Age from Creation (Days): The number of days since the work order was created. 
• Age from Start (Days): The number of days since the work order was started. 
• Vendors: The vendor is the company hired to perform the work. In our example, all 
workers are of the same vendor. 
• Status: current state of the work (i.e. open, closed). 
• Closing Comments: a narrative statement of work that was performed and remedy to 
initial cause for work order request. 
• Owner Cost: The final cost to the owner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13a Sample of Work Order Entry Field in Management Software. 
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Figure 3.13b Sample of Work Order Entry Field in Management Software. 
 
3.4.3 Data Acquired from Property or Portfolio Profile 
 
A Portfolio consists of a collection of properties owned by the same individual, 
company or investment group. The following information describes the physical 
dimension, location and age of a given property: 
 
• Portfolio: Each work order is assigned to a portfolio consisting of a group of properties 
owned by the same business entity. 
 
Figure 3.14 Example of Data Entry Field for Unit in Management Software. 
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• Building: The building being managed, consisting of a physical street address. 
• Unit: The specific dwelling unit within a multi-family dwelling. 
• Zip: Postal Zip Code. 
• Beds: The number of beds in the dwelling. 
• Baths: The number of bathrooms in the dwelling. 
• Sqft: The total square feet of livable space within the dwelling. 
• Year Built: The year the dwelling was built. 
 
3.4.4 Data Acquired from the Worker’s Job Ticket 
 
Other data were acquired through the more precise evaluation of individual work 
order job tickets used by workers in the performance of the work. These job tickets were 
carbon-duplicate paper copies and were meticulously transcribed into digital, working 
data during the cost-accounting and invoicing function by the vendor performing the 
work: 
 
• Work Order Number: As reference din the Property Management System 
• Job Ticket Number: Serial Number of the Job Ticket used for that Work Order. 
• Date: Date of Work Order being performed. 
• Address of Work Order: Location of Work Order 
• Details: Diagnostic, Prescriptive Description of Work Performed, stated as a fix 
implemented and any follow up work (corrective or preventative maintenance) required. 
• (Derived)Job Class: The type of skilled class that work order is classified to (i.e. 
mechanical, electrical, plumbing, security, miscellaneous). 
• (Derived)Job Level: The level of skill required to complete that job (i.e. A, B, C, D). 
• Laborer 1 ID: First Name of the primary worker assigned to a work order. 
• Laborer 1 Time: The number of hours worked by Worker 1. 
• Laborer 1 Cost: The hourly rate of worker 1. 
• Laborer 2 ID: First Name of the second worker assigned to a work order. 
• Laborer 2 Time: The number of hours worked by Worker 2. 
• Laborer 2 Cost: The hourly rate of worker 2. 
• Laborer 3 ID: First Name of the third worker assigned to a work order. 
• Laborer 3 Time: The number of hours worked by Worker 3. 
• Laborer 3 Cost: the hourly rate of worker 3. 
• Materials Cost: the cost of all materials required to complete that work order. 
 
3.4.5 Data Acquired from Invoice Calculation 
 
Information from the field tickets were used to prepare the invoice. In this step, 
costs were calculated and totaled, and profit added to an invoice, along with closing 
comments to describe the extent of repair or remedy: 
 
• Total Labor Time: The total number of hours worked to complete that work order. 
• Total Labor Cost: The total labor cost to complete that work order. 
• Total Cost: The total labor and material cost to complete the work order. 
• Bill Amount: the amount billed to the property management company. 
• Profit %: The gross margin of profit at the subcontractor level. 
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Table 3.18 Work Order Data Collected from the Job Ticket. 
3.4.6 Use of Data 
Each work order ticket is returned to the office with completion notes that detail 
the resolution to a work order request. The Field Manager can identify if the solution to 
a work order request is commensurate with the time reported on the job ticket, as well 
as any deviations from expected performance times and work scopes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Invoice for a Work Order. 
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 Figure 3.16 Map of Saint Louis Metro Area and Zip Codes of Research Focus. 
These inputs comprise the basis for average work completion times and the 
parsimony of work into classes and levels. The zip code is used for each work order to 
determine the appropriate travel time and distance tables. Sample data is limited to only 
the top ten zip codes by number of properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17 Spatial Relationship of Work Orders within a Zip Code. 
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Figure 3.18 Maintenance Module in Management Software. 
In constructing a mathematical model, I generalize specific property addresses 
to the relevant zip code, and then use specific addresses to determine the cost savings 
of optimization.  In this particular case, the difference in cost of optimization using zip 
codes versus specific addresses indicates that using zip codes instead of specific 
addresses provides very good fit with the benefit of reduced set-up times for the 
model. 
 
I use the Laborer ID data to collect the performance times for individual workers 
which are then utilized in the development of the process times and efficiency ratings of 
each worker for each skill class and level. I use the Total Labor Time to determine the 
process time for each job, whereas the Labor Costs were fixed to each Laborer ID. These 
inputs comprise the basis for average work completion times and the parsimony of work 
into classes and levels. 
 
The zip code is used for each work order to determine the appropriate travel time 
and distance tables. Sample data is limited to only the top ten zip codes by number of 
properties. In constructing a mathematical model, I generalize specific property addresses 
to the relevant zip code, and then use specific addresses to determine the cost savings of 
optimization.  In this particular case, the difference in cost of optimization using zip 
codes versus specific addresses indicates that using zip codes instead of specific 
addresses provides very good fit with the benefit of reduced set-up times for the model. 
 
 
 
 
     Figure 3.19 Maintenance Request Entry Screen in Management Software. 
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Table 3.19 Matrices of Travel Time Distance between Zip Codes of Research Interest. 
 
The Work Order number is used as a reference number for the purpose of 
tracking and scheduling assignments to human resources. The priority of a job is set by 
the Property Manager and is High Priority (performed in less than 24 hours), Medium 
Priority (performed in less than 72 hours) or Low Priority (performed in less than 120 
hours). If a work order was an emergency service request, it was given a value of 
highest urgency and needs completion within 24 hours. Field Managers evaluate the 
narrative description of each job to determine the accuracy of completion times for each 
assigned worker. The Field Manager also accessed the job narrative to classify a work 
order into the best available class of work. Each work order ticket is returned to the 
office with completion notes that detail the resolution to a work order request.  The 
Field Manager can identify if the solution to a work order request is commensurate with 
the time reported on the job ticket, as well as any deviations from expected performance 
times and work scopes. These inputs comprise the basis for average work completion 
times and the parsimony of work into classes and levels. 
 
I use the Laborer ID data to collect the performance times for individual workers 
which are then utilized in the development of the process times and efficiency ratings for 
each worker for each skill class and level. I use the Total Labor Time to determine the 
process time for each job, whereas the Labor Costs were fixed to each Laborer ID.  The 
distance to travel between any two jobs assigned to the same worker is calculated as the 
distance travelled at the travelling cost per mile. (in this study, $.565; the Federal 
Standard rate for deduction or reimbursement purposes). The time to travel between two 
successive jobs assigned to the same worker is calculated as the travel time, and charged 
at the standard hourly rate for that worker.  
 
Travel times and distances were collected from Google Maps using the routing 
function. Times for travel were determined as the average travel time considering 
periods of peak travel during regular business hours; the mean travel time and travel 
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distance between the fastest and shortest route was always obtained. Travel was 
measured from the center of the zip code where the work takes place, to the center of the 
zip code of the next job.  In testing the differences between the actual distances from 
address to address, it was found that this approximation scales accurately to the actual 
address data; in fact, it was found that using the actual addresses to finalize the routing 
for jobs after using the method developed in this work added an additional 1.4% of 
potential costs in this example; travel time was decreased marginally while miles driven 
increased slightly. If two jobs are within the same zip code, they are treated as having 
some distance between them. We use a standard time and distance allowance of .17 
hours and 10 miles to represent the sum-average travel time and distance between all zip 
codes. Travel between two units in the same building, or two buildings on the same lot, 
as well as two units at different locations within the same zip code, use this time and 
distance rate. 
 
64 sample work orders were measured for the time required to perform each 
assigned task. Work Orders are classified by the skills required to perform the work to 
satisfaction.  Each work order is given a classification of one skill in this study: 
 
• Electrical: includes, wiring, lighting fixtures, receptacles, circuit breakers, panel 
service, cabling, data, installation of fans, outlets and switches, etc. 
• HVAC: includes heating systems and cooling systems; cooling and air conditioning 
both central and window; condensers, evaporation coils, refrigerant charging, hot water 
heaters, boilers, furnaces, ducting, ventilation, etc. 
• Plumbing: includes for example, copper water lines and braising, Schedule 40 and 80 
PVC piping; drains, sinks, toilets, shower diverters and hoses, cleanouts, stacks, wyes, 
mains and laterals, and faucets, for conveyance of water. 
• Security: door and window locks, access control systems and installation, window, 
door, and security system repair, and any emergency calls due to theft, vandalism, 
squatters, trespassing, fire damage and police-related reporting. 
• Other: any task that does not sufficiently qualify for one other category, such as gutter 
cleaning, yard cleaning, winterizing, occupancy violations and code compliance issues. 
 
All tasks were classified into the selected skill groups by a consensus of workers 
in the focal firm and are as true to a representation of how tasks would be classified into 
trades as could be reinforced from expert opinion. Further, these tasks were graded for 
the level of skill required to accomplish a satisfactory outcome: 
 
• A: Expert skill level, considered the level of mastery. 
• B: Advanced skill level. 
• C: Intermediate skill level 
• D: Novice skill level; the entry level of skill in any skill category. 
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Table 3.20 Work Order Data Classified Based on Managerial Insight and Expert Opinion. 
 
If a worker belongs to the set of workers who possess a specific skill, then the 
normal processing time of a job by the average worker for any task is derived from the 
historical performance for that data set, and used as a benchmark for individual 
performance. However, each individual worker is given a weighted competence to reflect 
that individual’s actual performance historically; we call this their efficiency rating: 
efficiency of a worker s for skill k with respect to the average process time for skill k. 
This approach incorporates actual performance times relative to mean performance.  If a 
worker is not competent to perform a task at any skill class and level, that worker is 
exempt from consideration. It is possible to require a severe penalty to assign the job to 
an underqualified worker) to complete a job on time. A performance time score of .01, 
equal to a job taking 100 times longer than average, is used to consider a worker who is 
not competent to perform a job.  The decision to assign a job to a less-than skilled worker 
with such a penalty proves to be cost prohibitive. If a worker is considered inexperienced 
and capable, then an efficiency of either .300 or .500 is used to indicate that jobs at the 
lowest levels of performance, Level C or D, may be completed by a worker at a 
completion time well below the mean performance time, for planning purposes, subject 
to managerial discretion. 
 
The capacity limit for assignment of work to worker s in hours (40, 60 or 80), is 
used to prevent more assigned hours than is allowable for an individual worker. 
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Table 3.21 Worker Competence, Process Times and Efficiency Scores By Skill Class and Level. 
 
Using 64 chronological work orders, the process times and individual 
performance weights (efficiency ratings) for a sample computational experiment are 
shown. For example, the mean process time for a Security Job Level B is 2.625 hours. 
Since Worker “JT” can perform this job with an efficiency of 1.75 it would take him 1.5 
hours to complete the job. Compare this to the completion time of Worker “PD” for the 
same job at a total time of 3.75 hours. Alternately, if you notice jobs where workers are 
not competent, they are given a significantly penalized efficiency rating (in this chart, 
.01). Since worker “JT” does not have the competency to perform the job, HVAC Level 
C, his completion time would be penalized severely, if he were assigned to such a task. 
Given the limited number of work hours, the penalty function results in an infeasible 
solution. I evaluate a step-wise procedure for improving upon this penalty value (as a 
representation for improved competency) later on in this paper. 
 
Whereas the larger data set consists of more workers, we look to solve the 
problem utilizing as few workers as is possible while satisfying all constraints. From 14 
potential workers, we consider 9 workers to which all the work must be assigned. 
Row Labels A B C D A B C D A B C D A B C D A B C D
CW 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0
GD 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 1 0 1 0
JT 1 1 0 1 0 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0
NC 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0
PD 0 0 0 0 1 1 1 0 1 0 1 0 0 1 0 1 1 0 1 0
JS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
JA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
KS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Row Labels A B C D A B C D A B C D A B C D A B C D
CW -   -   - 1.00 -   -   -   - 2.50 -   -   -   -   -   - 1.00 -   - -   - 
GD -   -   - -   -   -   -   - 5.00 2.50 2.00 3.00 -   -   - -   3.00 - 3.00 - 
JT 5.83 2.67 - 2.00 -   -   -   - 1.75 2.50 -   -   8.50 1.50 - -   -   - -   - 
NC -   -   - -   -   -   -   - -   -   1.50 -   1.00 -   - -   -   - -   - 
PD -   -   - -   4.00 3.00 3.50 - 2.00 -   1.00 -   -   3.75 - 3.50 5.88 - 3.00 - 
JS -   -   - -   -   -   -   - -   -   -   -   -   -   - -   -   - -   - 
RV -   -   - -   -   -   -   - -   -   -   -   -   -   - -   -   - -   - 
JA -   -   - -   -   -   -   - -   -   -   -   -   -   - -   -   - -   - 
KS -   -   - -   -   -   -   - -   -   -   -   -   -   - -   -   - -   - 
5.83 2.67 0.00 1.50 4.00 3.00 3.50 0.00 2.81 2.50 1.50 3.00 4.75 2.63 0.00 2.25 4.44 0.00 3.00 0.00
Row Labels A B C D A B C D A B C D A B C D A B C D
CW 0.01 0.01 0.01 1.50 0.01 0.01 0.01 0.01 1.13 0.01 0.01 0.01 0.01 0.01 0.01 2.25 0.01 0.01 0.01 0.01
GD 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.56 1.00 0.75 1.00 0.01 0.01 0.01 0.01 1.48 0.00 1.00 0.01
JT 1.00 1.00 0.01 0.75 0.01 0.01 0.01 0.01 1.61 1.00 0.01 0.01 0.56 1.75 0.01 0.01 0.01 0.01 0.01 0.01
NC 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 1.00 0.01 4.75 0.01 0.01 0.01 0.01 0.01 0.01 0.01
PD 0.01 0.01 0.01 0.01 1.00 1.00 1.00 0.01 1.41 0.01 1.50 0.01 0.01 0.70 0.00 0.64 0.76 0.00 1.00 0.01
JS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
RV 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10
JA 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
KS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mean Process Times
Worker Efficiency Scores
HVAC Electrical Plumbing Security Other
Worker Skills
Individual Process Times
HVAC Electrical Plumbing Security Other
OtherSecurityPlumbingElectricalHVAC
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Table 3.22 Details of Work Scope, Location and Cost for Work Orders Used in Case Studies. 
 
 
Selection of these 9 workers was arbitrary though it does reflect a mix of 
competence both within and across skills. The labor rates, denoted as the hourly wage of 
workers for the selected 9 workers, includes the base rate and the calculation for added 
overhead costs including insurance, licensing and other costs of operation or fringe 
benefits. These rates are not subject to the prevailing wage rules of publicly funded 
construction projects, so any comparison to the Department of Labor prevailing wage 
rates should not be made in this case study. However, if such a project of this scope and 
scale were to be performed by an organization in receipt of public funding, then the 
commensurate prevailing wage rates would apply.  
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 Table 3.22 (Continued) 
 
For the purpose of this study, those rates are not applicable, as all work is 
performed on properties privately owned and for which no generally acceptable standard 
of organized or prevailing labor category has been developed.  The development of such 
a labor rate or the adoption of a method for the organization of labor within this operating 
environment would be a potential source of benefit for organized labor, labor standards 
and skilled labor development, though that is outside the scope of this research.
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 Table 3.22 (Continued) 
 
In summary, 9 workers (CW, GD, JT, NC, PD, JS, RV, JA, KS) were selected for 
assignment. 5 classes of skill (HVAC, Electrical, Plumbing, Security, Other) are 
considered, each consisting of 4 levels of skill (A, B, C, D). 3 Priorities (Hi, Medium, 
Low) are considered. High priority is an assignment made within the first 24 hours 
planning horizon; Medium priority work is assigned within the next first 72 hours 
planning horizon; and Low priority is work that must be assigned within the first 120 
hours planning horizon, defined as working hours (a later suggestion is to incorporate 
shifts). The available time per employee is set to a maximum of 80 hours. 
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 Figure 3.20 A Make Ready Proposal Used in the Case Study. 
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Chapter 4 
 
Optimization Models and Preliminary Results 
 
4.0 Introduction to Optimization Models 
 
       This section presents the mathematical models and their solutions as compared to 
each other and compared to the cost of actual performance in the focal firm’s data set. The 
goal of a mathematical model is to assign the available skilled worker to the job for which 
he is competent to perform.  However, I want to assign all the workers in such a way that 
minimizes total cost to route them to necessary tasks while satisfying several constraints 
on resource utility.  First, I limit the number of hours a worker can be assigned to work.  
Next, I consider the constraint on a job’s priority objective, which sets the deadline to 
complete each task.  Finally, I limit the sequence of tasks so that no two jobs can be 
assigned to the same worker at the same time. I then consider the precedence relationship 
among tasks, and incorporate a larger project that is decomposed into smaller tasks, so that 
I can assign those tasks with precedence and those tasks without precedence at the same 
time.  Then, I introduce a method for a pairing decision. The pairing decision is 
determined by evaluating the combined performance of both two competent workers, as 
well as a non-competent worker paired with a mentor who is competent, for a specific task 
to be assigned.  I introduce a measure of pairing effectiveness, ρ, to evaluate the change in 
solution cost when varying levels of paired efficiency are considered.   
 
4.1 Single Assignment Model Formulation 
 
In order to develop a mixed-integer linear programming (MILP) model to 
represent the integrated project assignment, scheduling and routing problem with multi-
skilled personnel, the following mathematical notations are introduced: 
 
Sets: 
 
 𝐼:   𝑠𝑒𝑡 𝑜𝑓 𝑗𝑜𝑏𝑠, indexed by 𝑖. 
 
 𝐾:  𝑠𝑒𝑡 𝑜𝑓 𝑠𝑘𝑖𝑙𝑙𝑠, indexed by 𝑘. 
 
 𝑆:  𝑠𝑒𝑡 𝑜𝑓 𝑤𝑜𝑟𝑘𝑒𝑟𝑠, indexed by 𝑠. 
 
 𝐿:  𝑠𝑒𝑡 𝑜𝑓 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠, indexed by 𝑙. 
 
 Η: set of precedence relationships. For (𝑖, 𝑗)𝜖Η, job 𝑖 must precede job 𝑗. 
 
Parameters: 
 
 𝑝𝑖:  𝑛𝑜𝑟𝑚𝑎𝑙 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑗𝑜𝑏 𝑖 by the best performed worker. 
 
 𝑘𝑖:  𝑠𝑘𝑖𝑙𝑙 𝑘 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑏𝑦 𝑗𝑜𝑏 𝑖. 
 
 𝑆𝑘:  𝑠𝑒𝑡 𝑜𝑓 𝑤𝑜𝑟𝑘𝑒𝑟𝑠 𝑤ℎ𝑜 𝑝𝑜𝑠𝑠𝑒𝑠𝑠 𝑠𝑘𝑖𝑙𝑙 𝑘. 
 
𝛿𝑘𝑠:  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑓𝑜𝑟 𝑠𝑘𝑖𝑙𝑙 𝑘  with respect to the mean performance 
time for skill 𝑘 (e.g. Table 3.2.1). When 𝛿𝑘𝑠 = 1, 𝑠 is equivalent to the performance 
of the benchmark; when 𝛿𝑘𝑠 < 1, 𝑠 is less efficient than the benchmark; when 
𝛿𝑘𝑠 > 1, 𝑠 is more efficient than the benchmark.  
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 𝑣𝑖𝑗: 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑡𝑟𝑎𝑣𝑒𝑙 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑗𝑜𝑏 𝑖 𝑎𝑛𝑑 𝑗.  
 
 𝜏𝑖𝑗:  time to travel to job 𝑖 from job 𝑗. 
 
 𝑊𝑠:  𝑤𝑒𝑒𝑘𝑙𝑦 𝑙𝑖𝑚𝑖𝑡 𝑓𝑜𝑟 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑖𝑛 ℎ𝑜𝑢𝑟𝑠 (𝑒. 𝑔. 50). 
 
 𝑐𝑠:  ℎ𝑜𝑢𝑟𝑙𝑦 𝑤𝑎𝑔𝑒 𝑜𝑓 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠. 
 
 𝑏: travelling cost per mile. 
 
𝑑𝑖: due date of job 𝑖, based on the job’s priority. Specifically, a job with high 
priority must be completed within 24 hours, a job with medium priority must be 
completed within 72 hours, and a job with high priority must be completed within 
120 hours.  
 
Decision Variables: 
 
 𝑥𝑖𝑠 = {
1 𝑖𝑓 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑖𝑠 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑗𝑜𝑏 𝑖
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  
 
 𝑦𝑠𝑖𝑗 = {
1, 𝑖𝑓 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑡𝑟𝑎𝑣𝑒𝑙𝑠 𝑓𝑟𝑜𝑚 𝑗𝑜𝑏 𝑖 𝑡𝑜 𝑗𝑜𝑏 𝑗
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
 
 𝑡𝑖 ≥ 0:  𝑠𝑡𝑎𝑟𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑗𝑜𝑏 𝑖 
 
 
Objective function: 
 
 𝑀𝑖𝑛 ∑ ∑ 𝑐𝑠𝑥𝑖𝑠𝑝𝑖/𝛿𝑘𝑖𝑠  +  ∑ ∑ ∑ 𝑦𝑠𝑖𝑗𝑣𝑖𝑗𝑏𝑗∈𝐽𝑖∈𝐼𝑠∈𝑆𝑠∈𝑆𝑖∈𝐼 + ∑ ∑ ∑ 𝑦𝑠𝑖𝑗𝜏𝑖𝑗𝑗∈𝐽 𝑐𝑠𝑖∈𝐼𝑠∈𝑆  (1) 
 
Constraints:   
 
 ∑ 𝑥𝑖𝑠 = 1,       𝑠∈𝑆𝑘𝑖     ∀𝑖 ∈ 𝐼     (2) 
 
 ∑ 𝑥𝑖𝑠𝑝𝑖/𝛿𝑘𝑖𝑠𝑖∈𝐼 ≤ 𝑊𝑠,         ∀𝑠 ∈ 𝑆     (3) 
 
 𝑡𝑖 + ∑ 𝑥𝑖𝑠𝑝𝑖/𝛿𝑘𝑖𝑠 𝑠∈𝑆 ≤ 𝑚𝑖𝑛{𝑑𝑖, ?̅?}          ∀𝑖 ∈ 𝐼    (4) 
 
 𝑡𝑗 − 𝑡𝑖 ≥ ∑ 𝑥𝑖𝑠𝑝𝑖/𝛿𝑘𝑖𝑠 𝑠∈𝑆                           ∀(𝑖, 𝑗) ∈ H    (5) 
 
 ∑ 𝑦𝑠𝑖𝑗𝑗∈𝐼 ≤ 𝑥𝑖𝑠     ∀𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼    (6) 
 
 ∑ 𝑦𝑠𝑖𝑗𝑖∈𝐼 ≤ 𝑥𝑗𝑠       ∀𝑠 ∈ 𝑆, 𝑗 ∈ 𝐼    (7) 
 
 ∑ ∑ 𝑦𝑠𝑖𝑗𝑗∈𝐼𝑖∈𝐼 ≥ ∑ 𝑥𝑖𝑠𝑖∈𝐼 − 1    ∀𝑠 ∈ 𝑆    (8) 
 
 𝑡𝑗 ≥ 𝑡𝑖 + ∑ 𝑥𝑖𝑠𝑝𝑖/𝛿𝑘𝑖𝑠 𝑠∈𝑆 + 𝜏𝑖𝑗 ∙ ∑ 𝑦𝑠𝑖𝑗𝑠∈𝑆 − 𝑀(1 − ∑ 𝑦𝑠𝑖𝑗𝑠∈𝑆 ),    ∀(𝑖, 𝑗) ∈ 𝐼 × 𝐼 (9) 
 
 𝑥𝑖𝑠, 𝑦𝑠𝑖𝑗 ∈ {0, 1}, 𝑡𝑖 ≥ 0                                                                                   (10) 
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Objective function (1) minimizes the total project delivery cost and includes three 
terms. The first term is the direct labor cost of working on all the jobs in the project, 
with the efficiency of the assigned worker factored in. The second term computes the 
total travel cost of moving between jobs as a function of travelled distance.  The third 
term computes the labor cost of travel as a function of time to drive between jobs. 
 
Constraint (2) assigns a job to one worker who possesses the skill required by the job. 
 
Constraint (3) ensures the total working hours of a worker does not exceed capacity.   
 
Constraint (4) enforces that for every job assigned to a skilled worker, the job is 
completed prior to the deadline for that job, and earlier than the total make span of 
completing all the jobs.  
 
Constraint (5) satisfies the precedence relationships between a pair of jobs (𝑖, 𝑗) ∈ H, 
i.e. the start time of job 𝑗 must be no less than the completion time of job 𝑖 plus the 
travel time between job 𝑖 and 𝑗. 
 
Constraints (6) through (8) together guarantee the correct configuration of each route 
(path) assigned to a worker. Constraint (6) states that a worker must travel to at most 
one job after finishing a job; Constraint (7) specifies that a worker must travel from at 
most one job before starting another job; Constraint (8) ensures that the number of arcs 
in a route of a worker must be equal to the number of jobs minus one assigned to the 
worker.  
 
Constraint (9) is the big-M formulation to enforce that the time to start a job 𝑗 cannot be 
less than the completion time of the immediate preceding job 𝑖, plus the travel time 
between 𝑖 and 𝑗.  
 
Constraint (10) specifies the domain of all the decision variables.  
 
4.1.1 Implementation of the Single Assignment Model 
 
       The first case involves the Single Multi-Skilled Worker assigned to various single-
skill tasks. That, is, the tasks for assignment only require a single skill. The tasks under 
consideration include work from 39 individual work orders, as well as 16 other tasks 
which comprise a Make Ready Project and are therefore co-located.  The 39 jobs were 
selected from the group of 64 work orders that were used to develop the worker 
efficiency scores and process times. The included Make Ready Project was selected from 
within that same time period so as to reflect a job that might impact the scheduling 
decision from the managerial perspective. 
 
Table 4.1 Frequency of Jobs by Priority and Skill Level in Case Data. 
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Table 4.2 Frequency of Jobs by Skill Class and Level in Case Data. 
 
A frequency distribution of the jobs included for assignment shows that 40% of 
jobs are of the highest skill level, while the number of work orders decreases to 29% at 
level B, and is approximately the same at level C and D. This would indicate a requisite 
higher level of competence overall, if the resource availability is limited. Nearly half of 
all jobs are of the Medium level of priority, indicating they must be done within 72 work 
hours. There are about the same number of high and low priority jobs to be assigned. The 
mix of work class indicates that one-third of all jobs considered in the model are 
classified as non-traditional trade (Other), followed by one-fourth of all jobs requiring the 
plumbing skill, followed by HVAC, Security and then Electrical skill. Alternately, while 
the distribution of work orders appears to be more apportioned to the high or low priority 
level for HVAC, Security, and Plumbing skill classes, the work orders in the category for 
non-traditional skilled labor indicates these jobs are more likely to be medium-level 
priority.  Electrical jobs are also either High or Medium level of priority only. 
 
The mathematical model was developed in IBM CPLEX Optimization Studio and 
for the Case Study was run on a MacBook Pro 2.3 GHz Intel Core i7 with 16 GB of 1600 
MHz DDR3 RAM, 8 available threads, and 10,000 MB of working memory.  The model 
consists of 10250 constraints, 33882 variables—27720 are binary and 6162 are other 
variables, to combine for 233,862 non-zero coefficients. The first feasible solution was 
achieved at around 8 minutes ($4614.62) and is within 9.11% of optimality. The program 
terminated at 1 hour with the best incumbent solution ($4249.46) which is within 1.3% of 
optimality, representing an improvement, finding 52 additional feasible solutions in the 
additional 52 minutes, with an improvement of $365 in total cost between the first and 
the last feasible solutions.  The total cost of $4249.46 consisted of $3784.83 in labor 
wages for skilled labor, $197.07 in vehicle wear and tear; and $267.56 in travel-related 
wages at the standard hourly wage rate per employee.  The two most expensive workers, 
Table 4.3 Frequency of Jobs by Priority and Skill Level in Case Data. 
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by wage rate, had the lowest average cost of travel between any two jobs.  (See 
Appendix, Table 4.44).  The labor tied to physical completion of skilled work contributes 
88% of total costs. However, at a greater than 11% contribution to costs, the travel-
related costs are not insignificant. When compared to the same set of jobs at the actual 
cost for performance, it is interesting to note that when comparing the 39 work orders 
that are not part of the make ready project, the skilled labor cost to perform these jobs in 
the model is $2,610.74 compared to the actual skilled labor cost of assignment of 
$3,885.22, a cost decrease of 30.56% indicating a more efficient allocation of skilled 
workers to jobs as well as the additional precision with which travel costs are allocated to 
each ordered pair of jobs.  Table 4.4 describes the cost of the Case 1 solution compared 
to the actual cost. Again, the objective is to minimize the total cost of the assignment 
decision considering the routing, skill, priority and capacity limitations of the actual 
operating environment.  Individual worker routes, as well as the mapping of these routes, 
are shown in Figures 4.1 through 4.6 and Tables 4.6 through 4.14. 
 
 
 Table 4.4 Comparison of Actual Costs to Cost of Proposed Approach in Case 1. 
 
 
 
 
 
 
 
 
 
 
Table 4.5 Summary of Cost of Single Assignment Using Proposed Model. 
 
In summary, the predominant bulk of the work orders are assigned to three 
workers (GD, JT and PD).  Workers CW and NC are used sparingly and the most 
expensive worker (RV) is used only once. Worker CW was assigned 4 work orders, for a 
total of 4 hours of labor.  All work is scheduled to complete within 4.74 work hours.  
Travel equates to 27 miles for the 4 jobs. 
 
Worker GD is assigned 19 jobs for a total of about 55 hours of work and nearly 
122 miles of travel distance.  This equates to 3.24 hours of scheduled travel time.  All 
work is scheduled to be completed before 75 work hours indicating about 15 hours of 
slack in the schedule.  Worker JT is assigned 12 jobs with 39.09 budgeted labor hours.  
His travel time is the same as GD, at 122 miles and 3.24 hours.  However, his stop time 
is 41.04 work hours, indicating no slack time in the schedule.  Worker NC is assigned 4 
jobs for a total budgeted labor time of 4 hours, with an additional 26.5 miles of travel at 
.637 travel hours.  His schedule also has no slack time. Worker PD is assigned 15 jobs 
for a total of 55 skilled labor hours.  His travel miles are also 122 and his travel time is 
Costs Skilled Labor Wear & Tear Travel LaborTotal
39 Work Orders 3,885.22$             898.36$                    -$           4,783.58$  
Make Ready Project Tasks 1,565.92$             -$                          -$           1,565.92$  
Total Actual Cost 55 Jobs 5,451.14$            898.36$                   -$           6,349.50$ 
Case 1 Costs - 39 Work Orders 2,610.74$             201.68$                    127.52$     2,939.94$  
Case 1 Costs - Make Ready Project Tasks 1,174.09$             65.87$                      69.55$       1,309.52$  
Total Cost of Case 1 Solution 3,784.83$            267.55$                   197.07$    4,249.46$ 
Savings Using Proposed Approach 2,100.04$ 
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3.24 hours.  His scheduled completion time is 75.59 indicating about 15 hours of slack 
time, similar to Worker GD.  Worker RV is assigned one job for a total of .91 skilled 
labor hours.  Workers JS, JA and KS were not used at all in the preliminary case.  A 
Simple GANTT chart is constructed to show the temporal relationships between a 
standard work schedule and the schedule of each worker’s jobs (Figure 4.7) and is shown 
also as Network Assignment Model (Figure 4.8) and a calendar schedule (Figure 4.9). 
The total compressed make-span, when integrated into a regular-time work schedule 
indicates 7.28 days of total make-span. This schedule considers only daytime shifts 
where employees are off in the evening.  Work is scheduled from 7AM to 5PM, with a 
lunch break mid-days.  
 
 
Table 4.6 Assignment for Worker CW. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Mapped Route For Assignment to Worker CW. 
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Table 4.7 Assignment for Worker GD. 
 
Figure 4.2 Mapped Route For Assignment to Worker GD. 
$0.00 
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Table 4.8 Assignment to Worker JT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Mapped Route For Assignment to Worker JT. 
$1191.46 
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Table 4.9 Assignment to Worker NC. 
 
 
Figure 4.4 Mapped Route For Assignment to Worker NC. 
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Table 4.10 Assignment to Worker PD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Mapped Route For Assignment to Worker PD. 
$75.11 $832.85 $56.50 
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Table 4.11 Assignment to Worker JS. 
 
 
 
Table 4.12 Assignment to Worker RV. 
 
 
Figure 4.6 Assignment to Worker RV. 
 
 
 
 
Table 4.13 Assignment to Worker JA. 
 
 
 
Table 4.14 Assignment to Worker KS. 
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Figure 4.9 Calendar of Single Case Assignment. 
Figure 4.7 Critical Path Schedule as GANTT chart for Single Assignment Case. 
Figure 4.8 Network Diagram of Worker Assignment for Single Assignment Case. 
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4.2 Model With Precedence Relationships Among Tasks 
In property management, the make-ready project occurs after a tenant moves out 
of a unit and prior to a new tenant moving in to that unit. The make ready is required to 
bring a property back to a condition suitable for rent. Such projects offer a chance for 
owners to reinvest in their property, upgrade and renovate the dwelling, comply with 
local ordinances, and prepare a property for sale. These projects are generally multi-day 
projects incorporating several tasks of various skill levels that must occur in a particular 
sequence. Because we can decompose a single make ready project into tasks, and 
distribute those tasks along with other single-skill jobs, we can consider assigning these 
tasks in line with unrelated work so as to utilize the buffer times between dependent 
tasks in a more efficient manner. We can adapt the general nature of the house building 
problem to the maintenance environment. In this scenario, tasks that comprise the make 
ready project are combined with all other jobs and assigned based on the previous 
assignment policy. This requires precedence constraints be placed on the sequence of 
tasks that comprise the make ready.  This additional constraint is incorporated into the 
previous models: 
𝑡𝑗 ≥ 𝑡𝑖 + ∑ 𝑥𝑖𝑠𝑝𝑖/𝛿𝑘𝑖𝑠𝑠∈𝑆 ∀ (ordered i, j pairs) ∈I×I   (11) 
(11) ensures that for every ordered pair (i, j), when job i must precede job j, there is no
overlap in the start time of successor task j and the end time predecessor time i.  This
relationship is enforced in the mathematical model by using a key to identify the jobs of
set comprising a larger project, where each sequential task must be performed in
succession. The logical relationship is that, for example, demolition must occur before any
other work, followed by security on the garage door for storage of materials and tools.
Plumbing Rough-in must then take place so as to mitigate any water service that is
necessary for other tasks where cleanup is required. This also requires accessing the
framed-in utilities which may require cutting into walls and so this work must occur before
drywall patching.  Interior doors and trim then are finished or framed in prior to painting
walls and wallpapering, followed by floors and tile, which must occur after paint dries to
mitigate spills or drips onto finished flooring. This logical procession of tasks culminates
in finishing the floors of the home interior and moves to the exterior tasks to include
concrete finishing and walkway pouring and, finally, fencing.
4.2.1 Implementation of the Single Assignment Model with Precedence 
The mathematical model expressed in 4.1 with the additional constraint in this 
section, is formulated in the CPLEX Optimization Programming Language (OPL).  The 
sample data set is accessed where the prior set of 39 work orders are considered for 
scheduling, assignment and routing, along with the 15 tasks required to make the unit 
ready for rent; the prior model treats these additional tasks as independent whereas this 
model enforces the sequential constraints.  A total number of 55 tasks are assigned—
from a range of 5 work classes, and 4 work levels—to the same 9 workers from the prior 
example. All workers are available for up to 80 hours of assignment. 
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Table 4.15 Make Ready Project Work Classification and Sequence Dependencies. 
The second case involves the Single Multi-Skilled Worker as well; however the 
complexity of precedence is incorporated, so that we can determine if any impact on 
schedule is caused by the necessity of one task being performed prior to another task.  
The tasks for assignment only require a single skill.  The same tasks from the first case 
are used; however for the Make Ready Project, the real sequence dependencies are 
respected as paired predecessor-successor relationships between tasks. The program was 
run on a MacBook Pro 2.3 GHz Intel Core i7 with 16 GB of 1600 MHz DDR3 RAM, 8 
available threads, and 10,000 MB of working memory; and with a limit on solution time 
of 1 hour.  The model consists of 10270 constraints, 33882 variables—27720 are binary 
and 6162 are other variables, to combine for 234,262 non-zero coefficients. 49 feasible 
solutions were found in less than 11.5 minutes, the best solution of these ($4,265.26) 
being within 1.67% of optimal. An additional 15 solutions were found prior to program 
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termination at 1 hour; the best solution of these ($4,245.12) bringing the gap to within 
1.2% of optimality.  This represents a savings of $20.13 for an additional 48.5 minutes of 
time from initial solution. 
          Table 4.16 Cost Comparison for Model With Precedence (Case 2) 
  and Without (Case 1). 
Table 4.17 Cost of Assignment Considering Precedence Tasks, by Worker. 
The total cost of $4245.12 consisted of $3779.82 in labor wages for skilled 
labor, $203.74 in vehicle wear and tear; and $261.56 in travel wages. Note that the labor 
tied to physical completion of skilled work increases slightly to 89% of total costs.  
There is a slight change in the proportion of wear and tear versus travel labor costs, most 
likely due to the trade-off decision to satisfy the precedence constraints inherent in the 
Make Ready project rules being considered in this iteration of the case.  At nearly 11% 
contribution to costs, the travel-related costs are still significant.  Workers JS, JA and KS 
are all not used in the assignment. The total compressed make-span, when integrated into a 
regular-time work schedule indicates 6.87 days of total make-span, a reduction in make-span 
of .41 days compared to Case 1, and all sequence dependencies were satisfied.  Two 
employee costs change, however, to accommodate the precedence requirements of the 
Make Ready Project tasks. Worker GD’s cost decreases by $91.76, and Worker PD cost 
increases by $87.43.  Individual worker routes, as well as the mapping of these routes, 
are shown above and changes are noted below.   
• For Worker CW: 3 of four jobs change in sequence. All jobs remain with
the same worker. 
• For Worker GD: almost all sequence relationships change. Job 7 is
reassigned elsewhere. 
• For Worker JT: Job 79 and 4 are switched in sequence. All other
sequence relationships remain the same. 
• For Worker NC: No Change from the prior case.
• For Worker PD: added a job to his workload which was previously
assigned to Worker GD. The sequence for 5 jobs was rearranged. 
• For Worker RV:  remained assigned to only one job.
Costs Skilled Labor Wear & Tear Travel LaborTotal
Case 1 Costs - 39 Work Orders 2,610.74$    201.68$    127.52$     2,939.94$  
Case 1 Costs - Make Ready Project Tasks 1,174.09$    65.87$   69.55$    1,309.52$  
Total Cost of Case 1 Solution 3,784.83$   267.55$   197.07$    4,249.46$ 
Case 2 Costs - 39 Work Orders 2,605.73$    195.69$    134.19$     2,935.61$  
Case 2 Costs - Make Ready Project Tasks 1,174.09$    65.87$   69.55$    1,309.51$  
Total Cost of Case 2 Solution 3,779.82$   261.56$   203.74$    4,245.12$ 
Difference 4.34$   
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Table 4.18 Assignment for Worker CW. 
 
 
 
Figure 4.10 Route for CW Without Precedence (Case 1, Left); With Precedence (Case 2, Right). 
Vatterott, Anthony, 2018, UMSL 80 
 
  
 
 
Table 4.19 Assignment for Worker GD. 
 
 
 
Figure 4.11 Route for GD Without Precedence (Case 1, Left) & With Precedence (Case 2, 
Right). 
 
 
 
$0.00 
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Table 4.20 Assignment for Worker JT. 
 
 
  Figure 4.12 Route for JT Without Precedence (Case 1, Left); With Precedence (Case 2, Right). 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.21 Assignment for Worker NC (No Change). 
 
 
$11.36 
$0.00 
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Table 4.22 Assignment for Worker PD. 
 
 
 
 
 
Figure 4.13 Route for PD Without Precedence (Case 1, Left); With Precedence (Case 2, Right). 
 
 
 
 
 
 
 
 
Table 4.23 Assignment for Worker JS. 
 
$0.00 
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Table 4.24 Assignment for Worker RV (No Change). 
 
 
Table 4.25 Assignment for Worker JA. 
 
 
Table 4.26 Assignment for Worker KS. 
 
 
 
4.3 Model with Mentor-Apprentice Pairing 
 
Task completion can benefit from reduced completion times or reduction of cost 
through the cooperation of resources co-located at a physical site; therefore, we want to 
evaluate the potential economies from this decision considering travel and other costs, 
and knowing the project durations or urgencies remain satisfied. There in fact exist many 
situations in routine maintenance where more than one worker assigned to the same job 
makes sense. For example:  if the scope of work requires more than 2 workers to perform 
the job—such as larger scopes of work—or if the nature of the job requires a second 
person due to the space or physical limitations of one worker.  Consider the situation 
where a 2.5 ton air conditioner and furnace installation requires a person to feed a line-
set through a home’s exterior wall while a person interior to the house guides that line set 
across an interstitial space. In such a scenario more than one worker is necessary. This 
scenario would insinuate both workers are experienced in that scope of work. 
 
However, consider the scenario where both workers may not be competent to 
perform the work. In this scenario, one worker must be able to perform the task to a level 
of competence in order to train the other worker on that skill. The workforce can 
therefore be improved and skills trained into less competent workers by pairing a mentor 
with an apprentice. In fact, this is standard practice in the general labor environment on 
building construction for most trades. A novice worker begins at a lower level of 
expertise (assumed to be completely inexperienced) and then through assignment with 
formally trained masters, satisfies a time-based advancement component in that skill set. 
It would be ideal to have a similar structure to skill development and career advancement 
within the property maintenance environment. The limitation is primarily how to model 
the same skill development when work is not necessarily of such a volume of single-skill 
work to ensure the full development of any one skill. A more flexible model of skill 
development is required that meets the demands of a multi-skill work structure while 
also advancing novice skills to a level of proficiency or competence. 
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The following mathematical model incorporates several features to make the 
pairing decision in a multi-skill environment that—as shown in prior cases in this 
dissertation—effectively trade-off the travel and labor cost benefit of assignment and 
routing, while also pairing workers of low or no competence with workers of 
competence sufficient to be considered a mentor. An additional factor, ρ, is introduced 
to modulate the effective synergy of the pairing assignment, to determine at which level 
of combined efficiency a pairing assignment begins influences the cost of assignment. In 
this model, the same decisions are made as in the prior models with the addition to the 
option to pair workers for jobs if in fact both workers are skilled to perform the job and 
thus reduce the total make span of the job; also in the case where a worker paired with a 
mentor can complete the job at a combined efficiency based on the efficiency of the 
mentor and an expected performance level of the assistant equal to .5 added to the 
efficiency of the mentor’s efficiency score. What follows is a mathematical model for 
the pairing of an unqualified worker with an experienced worker where all previous 
decisions variables and parameters still apply, and also added are some unique decision 
variables, parameters and constraints to ensure an optimal minimum total cost objective.  
The following model builds on the prior assignment, scheduling and routing decision by 
allowing a way to build future apprentice skill competency, more fully utilize a 
workforce, or better balance workforce skill mix. 
 
Sets: 
 
𝐼:   𝑠𝑒𝑡 𝑜𝑓 𝑗𝑜𝑏𝑠, indexed by 𝑖. 
 
𝐾:  𝑠𝑒𝑡 𝑜𝑓 𝑠𝑘𝑖𝑙𝑙𝑠, indexed by 𝑘. 
 
𝑆:  𝑠𝑒𝑡 𝑜𝑓 𝑤𝑜𝑟𝑘𝑒𝑟𝑠, indexed by 𝑠. 
 
𝐿:  𝑠𝑒𝑡 𝑜𝑓 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠, indexed by 𝑙. 
 
𝐻:  𝑠𝑒𝑡 𝑜𝑓 𝑝𝑟𝑒𝑐𝑒𝑑𝑒𝑛𝑐𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛𝑠ℎ𝑖𝑝𝑠  𝑖, 𝑗 indexed by 
ℎ, 𝑤ℎ𝑒𝑟𝑒 𝑗𝑜𝑏 𝑖 𝑚𝑢𝑠𝑡 𝑒𝑛𝑑 𝑝𝑟𝑖𝑜𝑟 𝑡𝑜 𝑗𝑜𝑏 𝑗 𝑠𝑡𝑎𝑟𝑡𝑠. 
 
Parameters: 
 
𝑝𝑖:  𝑛𝑜𝑟𝑚𝑎𝑙 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑗𝑜𝑏 𝑖. 
 
𝑘𝑖:  𝑠𝑘𝑖𝑙𝑙 𝑘 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑏𝑦 𝑗𝑜𝑏 𝑖. 
 
𝑆𝑘:  𝑠𝑒𝑡 𝑜𝑓 𝑤𝑜𝑟𝑘𝑒𝑟𝑠 𝑤ℎ𝑜 𝑝𝑜𝑠𝑠𝑒𝑠𝑠 𝑠𝑘𝑖𝑙𝑙 𝑘. 
 
𝛿𝑘𝑠:  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑓𝑜𝑟 𝑠𝑘𝑖𝑙𝑙 𝑘 with respect to the benchmark worker for 
skill 𝑘 When 𝛿𝑘𝑠 = 1, 𝑠 is equivalent to the performance of the benchmark; when 
𝛿𝑘𝑠 < 1, 𝑠 is less efficient than the benchmark; when 𝛿𝑘𝑠 > 1, 𝑠 is more efficient than the 
benchmark.  
 
𝜑𝑘𝑠𝑠′:  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑤ℎ𝑒𝑛 𝑝𝑎𝑖𝑟𝑒𝑑 𝑤𝑖𝑡ℎ 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠
′𝑓𝑜𝑟 𝑠𝑘𝑖𝑙𝑙 𝑘.  
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𝜌: 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑛 𝑐𝑜𝑚𝑝𝑢𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝑝𝑎𝑖𝑟𝑖𝑛𝑔, 𝜌 ≤ 1. 
 
𝑣𝑖𝑗: 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑡𝑟𝑎𝑣𝑒𝑙 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑗𝑜𝑏 𝑖 𝑎𝑛𝑑 𝑗𝑜𝑏 𝑗.  
 
𝜏𝑖𝑗:  time to travel to job i from job j. 
 
𝑤𝑠:  𝑤𝑒𝑒𝑘𝑙𝑦 𝑙𝑖𝑚𝑖𝑡 𝑓𝑜𝑟 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑖𝑛 ℎ𝑜𝑢𝑟𝑠 (𝑒. 𝑔. 40). 
 
𝑐𝑠:  ℎ𝑜𝑢𝑟𝑙𝑦 𝑤𝑎𝑔𝑒 𝑜𝑓 𝑤𝑜𝑟𝑘𝑒𝑟 𝑠. 
 
𝑏: 𝑡𝑟𝑎𝑣𝑒𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑚𝑖𝑙𝑒. 
 
𝑑𝑖: 𝑑𝑢𝑒 𝑑𝑎𝑡𝑒 𝑜𝑓 𝑗𝑜𝑏 𝑖. 
 
𝜑𝑘𝑠𝑠′ can be computed as a function of each individual’s efficiency score 𝛿𝑘𝑠 depending 
on whether or not each individual in the pair 𝑠𝑠′ is qualified the skill 𝑘. If both 𝑠 and 𝑠′ 
are qualified for skill 𝑘, 𝜑𝑘𝑠𝑠′ = 𝜌(𝛿𝑘𝑠 + 𝛿𝑘𝑠′); if 𝑠 is qualified and 𝑠
′ is not, 𝜑𝑘𝑠𝑠′ =
𝜌(𝛿𝑘𝑠 + 0.5); if 𝑠
′ is qualified and 𝑠 is not, 𝜑𝑘𝑠𝑠′ = 𝜌(0.5 + 𝛿𝑘𝑠′). For 𝑠 = 𝑠
′, no pairing 
exists, thus 𝜑𝑘𝑠𝑠′ = 𝛿𝑘𝑠.  
 
Decision Variables: 
 
𝑥𝑖𝑠𝑠′ = {
1 {
𝑠 = 𝑠′, 𝑠 𝑖𝑠 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑗𝑜𝑏 𝑖 𝑏𝑦 ℎ𝑖𝑚𝑠𝑒𝑙𝑓;
                            𝑠 ≠ 𝑠′, 𝑠 𝑖𝑠 𝑝𝑎𝑖𝑟𝑒𝑑 𝑤𝑖𝑡ℎ 𝑠′𝑎𝑛𝑑 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑠ℎ𝑎𝑟𝑒𝑑 𝑗𝑜𝑏 𝑖;
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.
  
 
𝑡𝑖 ≥ 0:  𝑠𝑡𝑎𝑟𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑗𝑜𝑏 𝑖 
 
𝑦𝑠𝑖𝑗 = {
1,         𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑡𝑟𝑎𝑣𝑒𝑙𝑠 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑗𝑜𝑏 𝑖 𝑡𝑜 𝑡ℎ𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑗𝑜𝑏 𝑗 
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.
 
 
𝜇𝑖 ≥ 0: actual duration of job 𝑖 
 
𝑧𝑖𝑠 = {
1,         𝑤𝑜𝑟𝑘𝑒𝑟 𝑠 𝑖𝑠 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑗𝑜𝑏 𝑖; 
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.
 
 
Objective: 
 
𝑀𝑖𝑛 ∑ ∑ ∑ (𝑐𝑠 + 𝑐𝑠′)𝑠′∈𝑆:𝑠>𝑠′ 𝑥𝑖𝑠𝑠′𝑝𝑖/𝜑𝑘𝑠𝑠′ +  ∑ ∑ 𝑐𝑠𝑠∈𝑆:𝑠=𝑠′ 𝑥𝑖𝑠𝑠𝑝𝑖/𝜑𝑘𝑠𝑠𝑖∈𝐼 +𝑠∈𝑆𝑖∈𝐼
∑ ∑ ∑ 𝑦𝑠𝑖𝑗𝑣𝑖𝑗𝑏𝑗∈𝐽𝑖∈𝐼𝑠∈𝑆 + ∑ ∑ ∑ 𝑦𝑠𝑖𝑗𝜏𝑖𝑗𝑗∈𝐽𝑖∈𝐼 𝑐𝑠𝑠∈𝑆                                                             
              (1) 
Constraints:   
   
∑ ∑ 𝑥𝑖𝑠𝑠′ =𝑠′∈𝑆:𝑠≥𝑠′𝑠∈𝑆 1,      ∀𝑖 ∈ 𝐼        (2) 
 
∑ ∑ 𝑥𝑖𝑠𝑠′ =𝑠′∈𝑆:𝑠<𝑠′𝑠∈𝑆 0,      ∀𝑖 ∈ 𝐼        (3) 
 
𝑧𝑖𝑠 = ∑ 𝑥𝑖𝑠𝑠′𝑠′∈𝑆:𝑠≥𝑠′ + ∑ 𝑥𝑖𝑠𝑠′𝑠′∈𝑆:𝑠<𝑠′                             ∀𝑖 ∈ 𝐼, ∀𝑠 ∈ 𝑆           (4) 
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∑ (∑ 𝑝𝑖𝑥𝑖𝑠𝑠′/𝜑𝑘𝑠𝑠′𝑠′∈𝑆:𝑠≥𝑠′ + ∑ 𝑝𝑖𝑥𝑖𝑠′𝑠/𝜑𝑘𝑠𝑠′𝑠′∈𝑆:𝑠<𝑠′ )𝑖∈𝐼 ≤ 𝑤𝑠         ∀𝑠 ∈ 𝑆             (5) 
 
𝜇𝑖 = ∑ ∑ 𝑥𝑖𝑠𝑠′𝑝𝑖/𝜑𝑘𝑠𝑠′𝑠′∈𝑆:𝑠≥𝑠′𝑠∈𝑆                           ∀𝑖 ∈ 𝐼               (6)
    
𝑡𝑖 + 𝜇𝑖 ≤ 𝑑𝑖,                                                                                                   ∀𝑖 ∈ 𝐼  (7) 
 
𝑡𝑗 − 𝑡𝑖 ≥ 𝜇𝑖                                                                                  ∀(𝑖, 𝑗) ∈ H  (8) 
 
∑ 𝑦𝑠𝑖𝑗 ≤ 𝑧𝑗𝑠𝑖∈𝐼                               ∀𝑗 ∈ 𝐼, ∀𝑠 ∈ 𝑆 (9) 
 
∑ 𝑦𝑠𝑖𝑗 ≤ 𝑧𝑖𝑠𝑗∈𝐼                                ∀𝑖 ∈ 𝐼, ∀𝑠 ∈ 𝑆  (10) 
 
∑ ∑ 𝑦𝑠𝑖𝑗𝑗∈𝐽𝑖∈𝐼 ≥ ∑ (𝑧𝑖𝑠)𝑖∈𝐼 − 1              ∀𝑠 ∈ 𝑆 and  ∀ 𝑜𝑟𝑑𝑒𝑟𝑒𝑑 (𝑖, 𝑗) ∈ 𝐼 × 𝐼    (11) 
 
𝑡𝑗 ≥ 𝑡𝑖 + 𝜇𝑖 + 𝜏𝑖𝑗 ∑ 𝑦𝑠𝑖𝑗𝑠∈𝑆 − 𝑀(1 − ∑ 𝑦𝑠𝑖𝑗𝑠∈𝑆 ),                            ∀(𝑖, 𝑗) ∈ 𝐼 ×  𝐼          (12) 
 
𝑥𝑖𝑠𝑠′, 𝑦𝑠𝑖𝑗 ∈ {0,1}, 𝑡𝑖, 𝜇𝑖 ≥ 0        (13) 
 
The objective (1) is to minimize the total cost function which consists of the assignment 
of all jobs to qualified workers with skill k.  When a worker is not competent to perform a 
skill, s/he may be considered for pairing with a competent worker in order to improve 
task completion times due to paired efficiency.  In such a case where s>s’ due to pairing, 
there exists a cost for each worker s’ as well as a combined worker efficiency rating, 
𝜑𝑘𝑠𝑠′.  
 
Constraints (2) and (3) ensure that all jobs are assigned to at least one worker, paired or 
not.  Constraint (4) ensures that if a job is assigned to a worker or a pair of workers, then 
each worker assigned is counted.  Constraint (5) ensures that the sum of process times of 
all the jobs assigned to each worker s does not exceed that worker’s capacity.   
 
Constraint (6) computes the actual processing time of each job as a function of the 
assignment decision. Constraint (7) enforces that a job is completed prior to the deadline 
for that job.  
 
Constraint (8) ensures that the start of the second ordered job does not start until later 
than the preceding job start time plus the process time for the preceding job.   
 
Constraints (9) through (11) together ensure the correct confirmation of the rout solution.   
 
Specifically, Constraint (9) ensures that a task has at most one predecessor in the route of 
the worker to which the job is assigned.  Constraint (10) makes sure that a task has at 
most one successor in the route.  Constraint (11) states that the number of arcs of a 
worker’s route must equal the number of jobs assigned to that worker, minus one.   
 
Constraint (12) guarantees no pair of jobs assigned to the same worker may overlap.  
Constraint (12) is the Big-M formulation to enforce that the time to start a job 𝑗 cannot be 
less than the completion time of its immediate preceding job 𝑖, plus the travel time 
between 𝑖 and 𝑗. Note that if job 𝑖 is not an immediate predecessor of 𝑗 in any route, i.e.  
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∑ 𝑦𝑠𝑖𝑗𝑠∈𝑆 = 0, Constraint (12) is always satisfied due to the negative big number – 𝑀 on 
the right-hand-side.  
 
(13) defines the binary decision for assignment and routing, as well as the non-negativity 
constraint on the start time and process times of all jobs. 
 
4.3.1 Implementation of the Pairing Assignment Model 
 
       The pairing model using the same data and computer specifications as in prior 
cases (55 tasks, 9 workers, 5 classes of skill and 4 levels) ran for over 10 hours without 
converging on even a feasible solution, indicating the complexity of this model. In order 
to evaluate a model within a reasonable time period, I performed a case using a reduced 
data set. The data set for evaluation consists of only 26 tasks, 5 workers, and no 
precedence relationships.  ρ, the discounting factor for synergy among pairing 
assignment, is set at a factor of 1.1 to indicate a gain of 10% due to synergy above and 
beyond the basic level of paired efficiency.  At an increased benefit of paired assignment 
of 1.1, all jobs were assigned to one worker, except for Work Order 8679, which was 
assigned to worker RV as the mentor and worker KS as the apprentice. The total skilled 
labor cost for work assigned to one worker was $1799.64 and the cost for paired assigned 
of labor was only $54.47, for a total of $1,854.07.  Travel costs were $84.25 for wear 
and tear vs $137.99. The model at a ρ of 1.10 reduces the total assignment cost by 
$958.22, a reduction of 46%. 
 
 
Table 4.27 Comparison of Actual Work Costs to Cost of Model Considering Pairing 
 
A mapping of the routes shows that Worker KS (Figure 4.14, Top Left) is paired with 
Worker RV for Work Order 8679.  This is the only job Worker KS is assigned.  Note 
that another non-skilled worker, Worker JA, was not assigned at all.  Workers GD, JT 
and NC (Figure 4.14, Bottom Left to Right) were assigned 7, 9 and 7 jobs respectively.   
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Figure 4.14 Mapping of Worker Routes for Model Considering Pairing (Clockwise 
from top left:  KS, RV, NC, JT, GD.  Worker JA was not used.) 
 
4.3.2 Computational Experiment to Test Varying Levels of Synergy 
 
            The pairing model on its own will not find an incentive to pair a non-skilled 
apprentice to a mentor for the development of a skill.  Because the objective is to 
minimize the total cost, if there is a worker available to perform the job that is 
competent, while still satisfying the priority deadline, the model does not know the 
future benefit of a so-called up-trained worker.  If the wage of two workers who are 
competent is equal, then the pairing of two competent workers results in increased travel 
costs for the additional worker.  In a naïve approach to motivating pairing, we assume 
that the value of 𝜌 (the measure of conation, measured in some factor of synergy, 
motivation or potential increase in productivity as a by-product of pairing) exists, and it 
can be measured.  In order to test the sensitivity of the pairing model to this scenario, I 
use 𝜌 as a tuning parameter with a range of values from .6 to 1.4.  We assume (and it is 
proven) that any value of 𝜌 less than 1 will result in no potential increase in conative 
potential.  At values above 1.0, we expect an additional benefit to the pairing beyond the 
simple formulation we provide where the synergy level increases.  
              
             In order to determine the impact of the mentor-apprentice pairing on total cost, I 
use the data from previous cases to run the same pairing program iteratively, updating 
the efficiency scores of select apprentice workers with each round of assignment.  I 
develop a path to competency whereby for each non-competent worker, if they are 
assigned to the pairing of work with a mentor, they receive a credit towards competency 
equal to the following table.  In all successive jobs, the apprentice can be assigned 
individually to any job for which he is now competent, including the new competence 
earned through performance with a mentor.  
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            I run the pairing model on a selection of 26 jobs from the Pairing case study, 
tuning the 𝜌 measure in .10 increments from .6 to 1.4. Here 1.0 would equate to a 
baseline measure of synergy equal to the mentor’s efficiency score plus .5.  So, for 
example, if a job were to take, on average, 5.83 hours and the mentor—paired with an 
apprentice—is able to perform the job himself with an efficiency rating of 1.10, then the 
process time for the job would be 5.83 hours / 1.10+.5, or 3.64 Hours.  As two workers 
are assigned to the job, at a 𝜌 measure of 1.0, the total time for two workers is 7.2875 
hours. While a mentor may be compensated greater than the pay of the apprentice, this 
scenario can—despite requiring more hours to perform the work—approximate the cost if 
the mentor does the work on his own, with added benefits. For this example, when the 
mentor-apprentice synergy is set at 1.00, the skilled worker would perform the job in 5.3 
hours at a cost of $227.32 where the paired assignment would take a total of 7.2875 
hours, but only 3.64 hours in make span and at a total cost of 232.67. The $5.35 savings 
is the cost of moving a non-competent worker up in skill acquisition (training/learning 
effect) while also reducing overall make span. 
 
            I run the scenario for 6 consecutive rounds using the same set of workers. I use 6 
workers of varying skill competence. However, I ensure that one worker, the Mentor, is 
able to do all jobs in a process time better than the average in all cases. This worker has 
an efficiency rating of 1.10. Other workers may also be considered for pairing both with 
each other and with those workers considered of low overall competence. The program 
was run on a MacBook Pro 2.3 GHz Intel Core i7 with 16 GB of 1600 MHz DDR3 
RAM, 8 available threads, and 10,000 MB of working memory; and with a limit on 
solution time of 1 hour. I begin with a ρ of .6 and in all rounds, no pairing occurs.  For all 
ρ values up to 1.1, no pairing occurs.  However, at a ρ value of 1.1, pairing does occur for 
Rounds 1-3 and then stops. For values of ρ at 1.2-1.4, pairing occurs in all rounds. Over 
subsequent increases in ρ from 1.1 to 1.4, the frequency of pairing increases. 
  
As an example of how well this model advances a non-skilled apprentice worker 
to the level of competence:  at a ρ of 1.4, Worker KS was able to attain the level of 
competence in both HVAC Level A and Other Level A tasks. This indicates that in 6 
rounds of work assignment he was assigned to that same class and level of skill at least 8 
times, paired with a mentor.  It would be reasonable to expect that after this many 
assignments to the same class and level of task, competence is achieved. At a ρ of 1.4, 
Overall Efficiency increased by 4.6417%, an improvement of 10% efficiency after 6 
consecutive rounds. This improvement only includes the isolated impact of mentor-
apprentice pairing and the building of apprentice competence. Other worker efficiencies 
were not updated and in a practical scenario would be calculated from work orders and 
included in the mean process times of work by class and level. 
  
            There are implicit tradeoffs in this approach regarding the level of complexity for 
such a decision. First, the model considers many more potential scenarios for each 
pairing decision. Therefore reasonable solution times require fewer jobs for assignment. 
However, it is promising to realize that a process toward a practical learning method for 
non-repetitive tasks can be achieved. 
 
We would expect to see the normal characteristics of a reduction in total cost for a 
higher round of computation. As the value of ρ increases, the cost of pairing increases, 
indicating more pairing at higher levels of ρ. Alternately, the cost of single assignment 
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decreases as fewer jobs are performed by individual workers. There is a tradeoff in the 
solution time and the overall fit of a final solution, with the total cost of assignment when 
pairing is included as part of the solution. Models appear to run much faster when only 
single assignment is accessed. 
 
When considering the output of the consecutive rounds of pairing, we notice there 
is a strong correlation between the later rounds and the reduction in the travel cost for 
labor (significant at .05 level).  This insight indicates that as subsequent pairing, updating 
and training occurs, more adequate resources are available within a sufficient distance 
from a job to reduce costs or travel. Not only does the firm benefit from the improvement 
of skill within the workforce, as well as the potential reduction in overall project timeline; 
the non-value added time for driving between jobs is also reduced. 
 
Even though the scope of this example is limited, we are able to derive a sense of 
how training impacts the workforce composition. Future work needs to include the 
consideration of all score improvement—mentor, apprentice, and paired competent 
workers alike—and how the model performs under such considerations as workforce 
size, skill depth and breadth, and skill chains where individual skills contribute to the 
hierarchy of skill development. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Table 4.28 Process for Achieving Basic Skill Competence through Recurring Assignment 
 
 
Statistical inferences from the 34 solutions of the Pairing assignment also show 
that an increase in pairing when skill competency is updated with each paired training 
experience, is very strongly correlated with the reduction in total cost (-.896, p<.000) 
while at the same time increasing both travel cost components (.723 and .804, 
respectively, both p<.000). However, the decision to pair workers is at the expense of a 
greater gap between a feasible solution and the optimal solution, when one hour is 
allowed to generate a solution. (.754 and .901, respectively, both p<.000). In fact, once 
workers achieve the level of competence, this reduces total travel cost in later rounds, so 
that the later round is strongly correlated with reduced travel labor cost (-.415, p<.015). 
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Table 4.29 Bivariate Correlations between Variables in the Pairing Assignment Model. 
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Chapter 5 
 
Computational Experiments and Hypothesis Testing 
 
5.0 Introduction to Computational Experiments 
 
       I perform a computational experiment on the initial case study data set and 
evaluate several hypotheses as well as the fitness of the proposed models.  The ability to 
analyze such a robust data set using mathematical optimization provides significant 
relevant insight into the operational nature of the workforce involved as well as general 
perspective on the operating environment. 
 
5.1 Computational Experiment on Single Assignment Model 
 
The 55 job instances excluding the additional make ready tasks comprise a 39 job 
data set. I use these 39 jobs for an evaluation of the model’s solution capability. I develop 
variations to the data set based on the following factors for evaluation: 
 
Number of Jobs: I evaluate 3 variations. I consider the first 13 jobs, the first 26 
jobs, and then all 39 jobs. This allows me to determine if the addition of more jobs to the 
existing data changes the solution complexity or performance measures, as well as the 
time to solve the model, the increase or decrease in solution gap, and the scalability of the 
cost measures. 
 
Hour Limit: I want to determine if the number of allowed working hours per 
worker is a constraining factor on the overall performance of the model. When fewer 
workers are involved it may be that more hours improves feasibility. Also, if there is a 
tradeoff between more fully allocated workers and workforce size, we would want to 
know those cost implications. 
 
Workers: I evaluate the number of workers from as few as 3 to as many as 9. 
For larger data sets I would expect fewer workers to result in a greater solution gap as 
well as greater incidence of infeasibility in general. I would also expect for costs to be 
generally higher with fewer workers, due to the reduced number of assignment choices 
available. 
 
             Skill Classes: I consider three variations of Skill Class. First we want to 
determine what solutions result when no skill classes are considered. In this scenario all 
jobs are unclassified for skill. This means that a worker who has performed any job of a 
certain degree of skill (A, B, C, or D) may perform any other job that requires that same 
level of skill. The performance times and efficiency levels are calculated based on the 
reclassification scheme so we can determine the actual cost implication of this decision. 
In a second variation of Skill Classes, we consider all those jobs which are generally 
considered Mechanical, Electrical and Plumbing tasks, including HVAC jobs, in a 
category called “MEP”, whereas Security and Other miscellaneous jobs are classified 
into the “Other” category. This allows us to determine at least a difference between trade 
and non-trade task requirements. Then, we finally decompose all tasks into the 5 skill 
classes used in the case studies: HVAC, Electrical, Plumbing, Security and Other. Of 
primary interest here is whether the level of skill class division changes the overall total 
cost of assignment, as well as other cost components and also the solution time and gap. 
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             Skill Levels: Finally, we consider the variation of skill level. First, we evaluate 
those scenarios where no skill level exists. All times of performance for a job of a certain 
skill class can be performed by any worker who has performed a job in that class, 
regardless of skill level or task complexity.  In a subsequent variation, we evaluate the 
division of all jobs into those which require “higher” skill class aptitude and those which 
require “lower” skill class aptitude. In a third iteration we divide all jobs into each of 
four skill levels, where level “D’ would be considered jobs that require a basic 
understanding of skill within a skill class, followed by subsequently higher levels of skill 
complexity through level “C”, “B”, and “A”.  Each job is evaluated and reclassified so as 
to be appropriately classified to the correct level of skill required. All performance times 
and efficiency scores are likewise re-calculated based on actual performance data inputs 
from the data set. Again, it will be of interest to determine how the division of the tasks 
into skill levels effects the overall total cost of assignment, as well as other cost measures 
and the solution time and gap. 
 
The data is reconstituted to provide the appropriate qualities of each of these 324 
variations of workforce, classification and constraint. Then, the single assignment model 
is implemented to solve for each data set, and the solution is documented for inclusion in 
an overall data repository. This data is then evaluated in IBM SPSS Statistics software to 
determine what, if any, relationship exists between variables. Variables for evaluation 
included: 
 
•Jobs: number of jobs.  
•Classes: number of skill class divisions. 
•Levels: number of skill level divisions. 
•Workers: number of available workers. 
•Hours: number of available hours per worker. 
•Solution Time: the total time required to reach a solution. 
•Total Cost: the total cost objective. 
•Labor Cost: the total skilled labor cost. 
•Travel 1: the vehicle wear and tear cost. 
•Travel 2:  the travel labor cost. 
•Solution Gap: the percentage difference from the best possible solution within the time 
allotted compared to the best optimal solution. 
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Table 5.1 Structure of the Computational Experiment. 
 
The data sets were run on a workstation computer with a limit on solution time of 
1 hour using PC Intel Quad-Core with 3GHz CPU and 8G RAM.  Only 291 instances were 
feasible, indicating that 33 instances were such that resources were so constrained as to 
make solution impossible.  All infeasible instances involved 39 jobs for assignment, and 3 
or 5 workers.  Summary Statistics for the 324 instances indicate the mean solution time 
was just over 19 minutes, with a standard deviation of solution time nearly equal to that 
(just shy of 18 minutes). General characteristics of the overall data set include a proportion 
of labor as a percentage of total cost equal to 87.74%, where travel costs combine for an 
average of 12.26% of total cost. The overall solution gap is very low at a mean of .80%, 
indicating sufficient time allotted to solve--or at least derive a sufficiently feasible sub-
optimal solution for--the single assignment model within 1 hour. Furthermore these mean 
cost proportions from the total data set are remarkably similar to the results of the prior 
cases. Case 1 skilled labor was 88.23%; Case 2 skilled labor was 89.03% and case 3 
skilled labor was 89.29% of total costs.  The bivariate correlations are included for 
comparison between the full experiment and the three sub-experiments of 13, 26 and 39 
jobs.  They are located in the Appendix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Table 5.2 Descriptive Statistics for Computational Solutions.
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5.2 Hypothesis Testing and Results of Computational Experiment 
 
             The following hypotheses were evaluated based on the collection of solutions for 
324 variations of data, of which 291 were found to have a solution and are considered in 
the analysis. While this is not an exhaustive summary of hypotheses (we do not address 
the large number of statistically significant yet very obvious correlations between 
individual cost variables) I attempt to identify the more interesting variable relationships 
within and between the 4 computational experiment data sets. They are listed here with 
my findings: 
 
• Number of Jobs: A greater number of jobs will result in a reduced cost to travel 
between jobs, and fewer jobs may result in more travel costs, while labor costs may be 
lower, as a proportion of total costs. 
 
  H0:  The number of jobs does not correlate with the travel cost of worker assignment. 
H1:  The change in total cost correlates significantly with number of jobs to assign. 
 
             For the total data set, Reject the null hypothesis. In fact, all elements of cost are 
very highly positively correlated with the increased number of jobs to be assigned. While 
travel costs are nearly perfectly correlated with the number of jobs to be assigned (.978, 
p<.000 for Vehicle Wear & Tear; .970, p<.000 for Travel Labor), the cost of skilled labor 
is also strongly correlated, though not as perfectly. (.547, p<.000) and has a much greater 
impact on the correlation of total cost and number of jobs (.608, p<.000). 
 
• Number of Hours Available Per Worker: It is assumed that if each worker has fewer 
available hours, a greater pool of labor will be required. In some cases, the solution may 
be infeasible when too few workers are available for job assignment. It is also possible a 
severe penalty will occur when a non-competent worker is assigned to a job due to lack 
of a qualified worker available. It is also assumed that with more available hours, more 
jobs can be scheduled. As long as the resource capacity is sufficient for a problem 
instance to be feasible, we did not find statistical significance of resource capacity on 
the total optimal cost for the test instances. We could envision that in an environment 
with more tasks and tighter deadlines, resource capacity can be an important factor. 
Because of the priority constraints, it may be that some jobs cannot be performed within 
the time required, resulting in an infeasible solution. 
 
H0:  The number of available hours per worker does not have any effect on  
cost of assignment. 
 
H2:  Total cost correlates significantly with the change in the available hours per worker. 
For all experiments, we do not reject the null hypothesis. The number of available 
hours in this experiment does not correlate significantly with cost of assignment. 
Managerial insight would indicate testing with fewer workers or comparing the difference 
between costs utilizing workers with various competences and skill mixes, as well as 
different performance times.  This would be an ideal opportunity for a time study. 
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• Number of Workers: This research assumes that if fewer workers are 
available, they will be more fully utilized, but at an increase in cost; and with more 
workers, we expect that the cost of work completion will be decreased.  
 
 
         H0:  The number of workers does not have any effect on cost of assignment.  
 
         H3a:  The cost of assignment correlates significantly with the number of workers. 
 
For the full data experiment, we reject the null hypothesis. Total cost is very 
strongly correlated with the number of workers available for assignment, indicating that 
more workers reduces the cost (-.336, p<.000). The significance of the total cost is 
composed of the significance of skilled labor (-.372) which reduces total cost, and of 
principal interest, the increase in vehicle wear and tear cost as more workers are 
considered for assignment (.137, p<.02). 
 
When evaluating the individual experiment sets, we find that when only 13 jobs 
are evaluated, there is no statistically significant relationship between the number of 
workers and the total cost.  We cannot reject the null hypothesis for the 13 job set. 
 
However, as we evaluate the 26 job set, I observe that not only does total cost 
very strongly correlate with the number of workers (-.698, p<.000), but all costs are 
strongly correlated, including both travel cost components. Of these, vehicle wear and 
tear is the least significant component, though also very highly correlated with the 
number of workers.  (-.317, p<.000).  All costs components are negatively correlated 
indicating that as more workers are available for assignment, the total cost of 
assignment decreases. 
 
Again, when evaluating the 39 job data set, we find there is no statistically 
significant correlation between the number of workers available for assignment, and the 
cost components of assignment. Therefore we cannot reject the null hypothesis for the 39 
job data set.  The implications of this targeted approach are interesting. We can isolate the 
specific dimension of data sample size where a significant relationship exists. 
 
Considering the relationship between the number of workers and the solution 
time, we want to understand if considering more workers for assignment makes finding 
the optimal solution easier, faster. 
 
H0:  The number of workers does not have any effect on solution time.  
 
H3b:  The solution time is significantly correlate with a change in the number of workers. 
 
When considering the full experiment, we find no statistically significant 
relationship between the number of workers available for assignment and the time 
required to solve to optimality. The same finding holds for the 13 job experiment, and 
therefore we cannot reject the null hypothesis. However, when looking deeper and 
evaluating the 26 and 39 job experiments, we observe a very weak statistically 
significant correlation (-.204, p<.034, one-tailed, and .268;p<.020, one-tailed, 
respectively).  For the fewest number of jobs considered:  the number of workers does 
not correlate with solution time. For the greatest number of jobs considered, the increase 
in workers significantly correlates with a faster solution time; however for the 26 job 
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experiment, the increase in available workers results in a slower solution time. 
 
 
Considering the relationship between number of available workers and solution 
gap when solving models of increasing complexity, we also want to know if the number 
of workers has any significant relationship with the percentage difference between the 
best feasible and the target optimal solution. If the consideration of more workers does 
not improve solution times, we may weigh the trade-offs of the solution gap with the 
model complexity and reduce the available workers for assignment, especially if more 
workers do not significantly reduce total cost. 
 
H0:  The number of workers does not have any effect on solution gap.  
 
H3c:  The solution gap is significantly correlated with a change in the number of workers. 
 
         In the full experiment, there exists no statistically significant correlation between 
the number of workers and the solution gap. We also cannot reject the null hypothesis for 
the 39 job experiment. However, when evaluating the 13 and 26 job experiments we do 
find a statistically significant correlation between the number of workers and the solution 
gap (-.266, p<.005, two-tailed; and -.230, p<.017, one-tailed, respectively). This indicates 
that as more workers are considered in the assignment decision, the model is able to 
achieve a reduced solution gap. It appears that as these resources are constrained by the 
addition of more jobs, the benefit from additional resources dwindles to insignificance. 
 
• Skill Classes: It is assumed that when more skill classes exist, there is more 
accuracy in assignment and therefore a reduced cost. It is assumed that with fewer skill 
classes, a greater total cost will occur. 
 
H0:  The number of skill classes does not have any correlation with cost of assignment.  
 
H4a:  Total cost is significantly correlated with a change in the number of skill classes. 
 
For the full data experiment, we can reject the null hypothesis.  As the number 
of skill classes increases, we observe a significant increase in total cost.  (.321, p<.000). 
Likewise, we also note that the cost of labor increases with the inclusion of more skill 
classes (.332, p<.000) and the cost of travel labor increases as well, though not as 
significantly, (.141, p<.000). Vehicle wear and tear, though scaled proportionally with 
distance and time to travel, is not significantly correlated with the increase in the number 
of skill classes, indicating that the individual cost of labor options matters here, where it is 
tied to skill mix. 
 
For 13 and 39 job data sets, the travel wear and tear component is not statistically 
significantly correlated with the number of skill classes; however, total cost, skilled labor 
cost, and travel labor cost are all positively correlated with an increase in the number of 
skill classes. All four cost components are statistically significantly correlated with the 
number of classes in the 26 job data set. 
 
When comparing the change in significance between the 13, 26 and 39 job 
experiments, we observe that between the 13 and 26 job experiments, the level of 
significance for skilled labor and total cost remain relatively stable, .298 to .283, and 
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.294 to .274, respectively); however, the significance of travel labor increases from .380 
to .487, and in the 26 job experiment the cost of wear and tear becomes very significant 
at .577 of all variation explained between this variable and the number of skill classes.  
Then, from the 26 job experiment to the 39 job experiment, we note the great increase 
from.263 to .812 for correlation between total cost and number of skill classes. P-value 
also improves from p<.003 to p<.000. Skilled labor cost significance jumps from .274 to 
814. Travel labor increases in significance from .487 to .824; however the cost for 
vehicle wear and tear is no longer significantly correlated with the number of skill 
classes.  The increase in cost tied to skill class can be explained primarily by the 
reduction of individual worker qualification for job assignment as work is further divided 
into skill classes. 
 
Considering the impact of skill classes on solution time, it would be reasonable to 
expect that if data is divided into more categories for consideration in a solution space, 
the model will take longer to solve to optimality. Intuition argues that more pieces to a 
puzzle may take longer to assemble. If it can be shown that a varying degree of skill class 
division results in a more timely solution, the potential for solving solutions of greater 
job numbers, workers and other inputs becomes more attractive. Therefore we test the 
following hypothesis related to skill class. 
 
H0:  There is no correlation between the number of skill classes and the solution time.  
 
H4b: The number of skill class divisions is correlated with a change in solution time. 
 
We find that for the full experiment, there is a weak correlation (p<.02, one-tailed) 
between the number of skill classes and the solution time. The two variables are 
negatively correlated and only 13.8% of the variation can be attributed to something other 
than chance. This finding in fact contradicts intuitive expectations. As data is parsed into 
more divisions of labor by class, the solution time improves. The benefit of this finding is 
that as more sophisticated processing techniques allow for models of greater complexity 
to be solved, there may exists a benefit of greater division of labor when the time to solve 
a model is more costly than the time to perform the work. 
 
Considering the impact of skill classes on solution gap, the gap is a measure of the 
difference between the best feasible solution identified in the decision tree, compared to 
the target optimal solution. When time is a limiting factor for model solution—as is the 
case with models of greater complexity, more coefficients and a greater number of 
variables— then the gap is a measure of how close we come to an optimal target. With 
more precision in the model development considering the results of other variables and 
their performance on the model, we can achieve a greater level of optimality in a 
reasonable solution time. Therefore we want to know if the number of skill classes 
considered in the model increase or decrease this percentage gap. 
 
H0:  There is no significant correlation between the number of skill classes and  
the solution gap.  
 
H4c: The number of skill class divisions is significantly correlated with a change  
in solution gap. 
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In the full experiment, we observe that the number of skill classes is negatively 
correlated with the solution gap. The very strong negative correlation (-.151, p<.01, 
two-tailed) indicates that additional skill class divisions actually improves the 
percentage difference between the best feasible solution and the optimal solution, when 
time is a limiting factor in the model. This relationship holds up in the 13 and 39 job 
data sets, and is even more impactful, explaining 39% of the variation (p<.01, two-
tailed) in the 39 job set, and 48.4% of the variation (p<.000, two-tailed) in the 13 job 
set.  However, the 26 job set does not support rejecting the null hypothesis as there is 
no statistically significant correlation between number of skill classes and the solution 
gap. 
When evaluating the underlying causes for such findings, we can observe that the 
13 job experiment benefits from overall simplicity due to fewer job instances. The 39 job 
experiment includes many more decisions regarding assignment; however, the number of 
feasible solutions was much less, with all 33 instances of infeasibility at lower levels of 
available workers. The research would benefit from a more robust data set incorporating 
even greater number of jobs and more accurate process times and efficiencies based on a 
wider longitudinal data set. 
 
• Skill Levels: As with Skill Class, it is assumed that with more divisions of 
labor levels, there will be a lower total cost of assignment, and with fewer levels of skill, 
a higher total cost. 
 
 
H0:  The number of skill levels does not have any effect on total cost of assignment.  
 
H5a:  Change in total cost is significantly correlated with the number of skill levels. 
 
 
For the relationship between the number of skill levels considered, and the total 
cost component, we in fact reject the null hypothesis for the full data experiment. While 
not as significant as the number of skill classes, the increase in number of skill levels is 
positively correlated with total cost (.169, p<.000) along with the cost of skilled labor 
(.171, p<.000) and the cost of vehicle wear and tear (.118, p<.000). However, in the full 
data experiment, the cost of travel labor is not statistically correlated with a change in the 
number of skill levels. 
 
For the experiment considering only 13 jobs, there is no significant correlation 
between total cost and the number of skill levels, and if only considering those data 
solutions, we do not reject the null hypothesis; however with only 13 jobs for 
consideration we should be cautious in doing so without further evaluation. Further 
analysis reveals that while skilled labor and total cost are not significantly correlated 
with the number of skill levels, there does exist a significant positive correlation between 
both travel cost components and the number of skill levels (.782 for vehicle wear and 
tear, and .605 for travel labor, both p<.000). 
 
For the 26 job experiment, we do not reject the null hypothesis for total cost 
correlated with the number of skill levels. This appears to reinforce the findings of the 13 
job experiment. Furthermore, the only cost component that is now significantly correlated 
with the change in skill levels is vehicle wear and tear, which itself decreases in 
significance (from .782, p<.000 to .309, p<.001). 
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Then, when evaluating the 39 job experiment, all cost components become 
significantly correlated with the number of skill classes and levels. Total cost is very 
strongly correlated with number of skill levels (.457, p<.000) along with skilled labor, 
vehicle wear and tear, and travel labor (.455, p<.000; .545, p<.000; and .273, p<.018 
respectively). Vehicle wear and tear is the only cost component that remains significantly 
correlated with the number of skill levels over all experiments. Skilled labor does not 
become significantly correlated with the number of skill levels until at least 39 jobs are 
considered, and neither does total cost. However, while the labor cost of travel is very 
strongly correlated among the 13 job experiment (.605, p<.000) it is not significant in the 
26  job experiment, indicating that when fewer jobs are considered, the travel cost matters 
more as a proportion of total cost, when more skill levels are included.  
 
We also want to investigate the possible relationship between the number of skill 
levels and the time to find a solution. 
 
H0:  The number of skill levels does not have any effect on solution time.  
 
H5b:  Solution time is significantly correlated with the number of skill levels. 
 
For the full experiment, we find that—much like the case for division of skill 
classes—the increased number of skill levels results in a quicker solution time, though 
the relationship is weak (p<.02, one-tailed) and only 14% of the variation between these 
variables is not random. When evaluating only the 39 job experiment, the correlation 
does not exist, and we cannot reject the null hypothesis. However, there is a marked 
improvement in correlation at both the 26 and 13 job experiments (.459 and .549, 
respectively, both p<.000, two-tailed) indicating a very strong correlation between the 
addition of skill levels and the improvement of solution times. It appears that as more 
jobs are included for evaluation, the importance of increased skill levels in the reduction 
of solution time diminishes. 
 
We likewise want to evaluate the division of skill levels and the potential 
relationship with the solution gap. Again, a reduction in the solution gap is preferable when 
an optimal solution cannot be obtained in the allotted solution time. 
 
H0:  The number of skill levels does not have any effect on solution gap.  
 
H5c:  Solution gap is significantly correlated with the number of skill levels. 
 
In the full experiment we observe a very strong negative correlation (-.324, 
p<.000, two-tailed) indicating that as more skill level divisions are incorporated to the 
model, the percentage difference between the best feasible solution and optimality is 
reduced.  As more jobs are considered, the solution gap is reduced with the inclusion 
of more skill level divisions. From -.238, p<.013, one-tailed) in the 13 job experiment, 
to -.510, p<.000, two-tailed) in the 26 job experiment, and finally to a -.620, p<.000, 
two-tailed in the 39 job experiment; indicating the very strong significance of skill level 
division on obtaining as close to an optimal solution as possible.  
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Chapter 6 
 
Extensions of the Proposed Model and Areas of Future Research Interest 
 
6.0 Introduction to Future Research 
 
       It is my intention to provide some direction for others who want to pursue this area 
of research.  In evaluation of the current trends in industry as well as natural extensions of 
this research, it is with certainty that future development of this work will result in adoption 
of the approaches and methods among academics and practitioners alike. 
 
6.1 Areas of Research Opportunity 
 
With the development of new computer processing technologies and the 
sophistication of modeling software, its integration into the workspace for building, 
facilities and property maintenance, and the development of lightweight solutions like 
handheld device applications, tracking methods that are cost-effective and disposable, 
and the growth of adoption of technology in the skilled labor environment, there exist 
many extensions of this work. I propose some areas of personal interest and propose 
some hypotheses on the existing models that may result in practical insights. 
 
6.1.1 The Consideration of Overtime Costs, Shift Duration, and Various Planning 
Horizons 
 
As work orders may be prioritized as emergencies and need immediate attention, 
there may exist a cost of attending to work orders after hours. Because the current model 
only considers standard wage rates, we may also add the potential to charge overtime 
rates after a full 8-hour work shift is assigned to an individual. We may also evaluate the 
longer range planning horizon, incorporating more complex multi-task jobs, and planned 
preventative maintenance. 
 
6.1.2 The Inclusion of Trips to the Store or Warehouse and Relevant Costs 
 
The stated model does not consider the time and resource necessary to procure 
materials from either a warehouse location, or a store. Because work may require special 
materials, a store purchase may be required. However, if a job is of a more standard 
nature, then we would either possess the necessary materials to perform the work on 
hand, or they may be provided from the warehouse location.  In most cases this would 
be a policy decision due to resource constraints. However, in some cases there may exist 
a cost benefit of buying supplies from the store as opposed to driving to the warehouse. 
 
 
 
 
 
 
 
 
 
 
           Table 6.1 Kit Requirements for Common Maintenance Repairs. 
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  Table 6.2 Examples of Where Materials May Be Sourced. 
 
             If we assume power tools are on hand, all or most of the material and hand tools 
required for a job can be kitted. We can distinguish between typical warehouse visit 
requirements and store visit requirements, each with their inventoried items so as to 
indicate one visit versus the other, and schedule that visit into the work plan, if 
necessary. 
 
6.1.3 Assignment Considering Multiple Periods. 
 
What is the impact of task assignment in this time period on the solution of future 
states considering updated skill sets?  Does the assignment of workers at a higher cost of 
pairing result in a lower total cost of operation over the longer term planning horizon? 
Discrete time horizons or work planning allow for the evaluation of the total cost of 
human resource allocation. This extension can include the evaluation of learning curve 
concepts as they are applied to the non-traditional work structure addressed in this 
model. 
 
 
 
           Table 6.3 Cost to Acquire Small Tools and Materials for Various Maintenance Work Scopes. 
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6.1.4 Assignment Considering Three-Dimensional Workflow. 
 
When work is performed within a Cartesian coordinated space, we can utilize the 
path of progress in determining the shortest path to perform work while avoiding 
conflicts or clashes in work by various skilled workers in the same space. 
 
6.1.5 Assignment Utilizing Automated Work Processes 
 
With the advent of Artificial Intelligence and Machine Learning, we can augment 
the performance of work with robots, automated machinery and processes, and 
Automated Guided Vehicles, to assist in the delivery of resources, materials, and 
assistive semi-autonomous labor drones. 
 
 
6.1.6 Sample Hypotheses for the Current Data Sets and Models 
 
I propose some general hypotheses that may serve as extensions of the existing 
research performed as part of this dissertation. These hypotheses form the basis on 
immediate advances on insight into the existing data sets. I number them as natural 
extensions of the already defined hypotheses: 
 
• The experiment with Mentor-Apprentice pairing: with each iteration of job 
assignment, we want to determine the extent to which repetitive skill acquisition leading 
to competence is preferred over paired assignment. 
 
 
H0:  The option to pair a mentor (competent worker) with an apprentice (non −
competent worker) has no significant correlation with the total make span of a project..   
 
H6a:  The option to pair a mentor with an apprentice  in the worker assignment 
correlates with a reduction in project make span. 
 
H0:  The option to pair a mentor (competent worker) with an apprentice (non −
competent worker) has no significant correlation with the total cost of assignment.   
 
H6b:  The option to pair a mentor with an apprentice is selected in the worker  
assignment decision correlates significantly with a total cost of assignment. 
 
• The House Building extension of the model, where the sequence of dependent 
tasks that comprise a larger project is determined and those tasks are included in the 
aggregate of task assignment: 
 
 
H0:  The option to decompose and combine the house building assignment into the  
assignment of other assigned tasks is no better than the separate assignment of house 
building and other tasks.  
 
H7a:  The inclusion of housebuilding in the assignment of other tasks correlates  
significantly with the change in total cost. 
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H0:  The total makespan to decompose and combine the house building assignment  
into the assignment of other assigned tasks is no better than the separate assignment 
of house building and other tasks.  
H7b:  The inclusion of housebuilding in the assignment significantly correlates with 
the change in total makespan. 
• The decision where materials are procured. If materials are to be purchased at
the store, kept on hand, or got from the warehouse, this will have a time and travel 
implication for schedule solution. 
H0:  The decision where to acquire materials has no impact on the total cost of assignment. 
H8a:  The decision to classify where and when to acquire materials correlates significantly 
with greater (lesser) total cost. 
H0:  The decision where to acquire materials has no correlation with total cost of assignment. 
H8b:  The decision to classify where and when to acquire materials will correlate 
significantly with a change in total project makespan. 
6.2 Final Comments on Plans for Future Research 
      At what rate does a change in worker skill mix correlate with a change in the total 
cost of assignment over time?  Certainly, up to a point, the division and specialization of 
skill and the subsequent advancement of skill would result in a decrease in total project 
make span, at the expense of skill development.  When evaluating the sequential 
assignment decisions as states of the system in time, with one state’s inputs the result of a 
prior state’s outputs, what sort of progress and to which point does learning, forgetting and 
reforming the workforce influence the cost, timeline, solution time and solution gap?  This 
requires extension of the existing model into discrete sequential time intervals of 
assignment with an objective to optimize the total cost of assignment for all states, with the 
ability to train up workers for needed skills as well as dissociate workers from prior skills 
when sufficient time has passed between skill acquisition and skill use.  When 
simultaneously considering the conative synergies of working pairs and teams, we may 
want to blend the various behavioral skill qualities to achieve a greater level of 
efficiency, with subsequent skill reinforcement and experience modification. 
 Finally, the research will definitely benefit from  the development of efficient and 
effective algorithms for obtaining quality solutions to large instances.  
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 Summary and Conclusions 
This dissertation proposes a general model for the assignment of jobs of varying 
skill requirements--both in terms of skill class and skill level--to the most cost-
appropriate worker capable of performing that task while simultaneously considering 
the temporal, spatial and resource constraints of the assignment, scheduling and routing 
decision. 
A total cost objective considering both skilled and unskilled labor costs, as well as 
travel costs, is incorporated to minimize the cost of these decisions. The model was 
implemented and the resulting cost objective is a marked improvement on the original 
assignment decisions. The model was then extended to include precedence tasks that 
comprise a separate class of job within the property maintenance environment--the make 
ready project. The inclusion of the decomposed project tasks and subsequent assignment 
in parallel with routine work orders was found to not significantly increase the cost of 
assignment, suggesting that the decomposition of tasks for assignment within temporally 
and spatially demanding environments like property maintenance offer excellent practical 
benefit. 
The single assignment model was expanded to include the common scenario 
where more than one worker may be assigned to a job; however, the model goes one step 
further and incorporates a method for determining the combined synergy or resonance of 
the pairing decision. I implement variations of the pairing model within CPLEX where 
through successive iterations of updated efficiency scores I emulate the possible path to 
skill development, the precursor to knowledge transfer and a bridge for training in the 
tacit learning environment. The measure of synergy or resonance in the pairing 
assignment helps to determine the most precise level of cooperation among paired 
assignments. The results show that over 6 rounds of successive assignment of the same 
jobs, the model can achieve up-training an incompetent worker to basic competence, at 
which point the worker is assigned to individual jobs of that skill class and level. 
Finally, I perform an extensive computation experiment with 324 instances and 
291 solutions from variations of the initial data set. I also separate the overall data set into 
three sub-sets based on the number of jobs to be assigned; I then delineate the similarities 
and differences between these data sets, using SPSS Statistics to derive meaningful 
relationships between variables. 
I offer several potential extensions of the model and suggest several hypotheses 
for future development of this research as well as areas that can be developed using this 
research as a platform for a more comprehensive research initiative. Truly, the 
phenomenon of practical skilled labor, multi-skilling and trade-based or team-based 
project environments can benefit from such research. I also suggest areas of future 
technological expansion of this work, including automation, artificial intelligence, 
machine learning, three-dimensional workflow and knowledge transfer and learning. 
There is much more in the area of data analysis and insights to be gained from 
statistical analysis of both the given 18 months of data as well as the outputs from various 
schemes of work assignment and considering various priority, pre-emption and duration 
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rules. These varying approaches also would benefit from a more elaborate visualization. 
Maps, Gantt charts and travel times depending on days of the week may all add more 
definition to the solutions gained from this model.  We would also gain from isolating 
certain aspects of the model for revaluation of how this may affect outcomes. For 
example, we may want to pursue the solution for when all work is isolated to a smaller or 
larger geographic region to determine if results scale in proportion to spatial, temporal or 
other geographical ranges.  While we have discussed the standard of practice for financial 
comparison, we have not explained the complete heuristic used for the rule of thumb 
decisions being made at the daily assignment level. In order to get our model closer to the 
working example of the business, the more accurate the scheduling and assignment 
function will be; therefore, running several scenarios and comparing and contrasting these 
scenarios and data inputs to determine how these scenarios will behave, allows us to more 
accurately adapt the model. When with greater accuracy we can predict the actual 
performance of the model results, we are able to compress the schedule and leverage that 
efficiency.  Furthermore, what is the impact of the job mix based on different times of the 
year to evaluate the effect of seasonal demands? And what of the impact of the worker 
mix under seasonal pressures, both during routines of preventative and corrective 
maintenance? For example, the high demand of heating system service during the winter, 
or the air conditioning service in summer, demands a greater level of HVAC skilled 
workers. However, preventative maintenance, which occurs in spring and fall, does not 
necessarily require the more advanced skills as emergent HVAC service does. 
When considering the constraints of managerial pressures in the real operating 
environment, where the daily decision is made based on skilled worker availability, it 
may not necessarily make decisions to forego plan work based on priority, duration, costs 
and skill level at the same time. We would want to identify the phenomenological nature 
of any influencers from the evaluation of the operating environment. We anticipate the 
ability to identify other similar patterns of decision making in practice, to compare to the 
same decisions as the model predicts them, from which comparisons can be made and 
better operational objectives, strategic goals and development schemes can be created. 
Further, because of the extensive data collected, we have the ability to develop historical 
examples of decision making for time periods, and can compare these to our model 
results. Subsequent research would emphasize simulation of distributed performance 
times and the impact on solution feasibility. Our model is able to approximate the optimal 
decision for work assignment given the available workforce at that point in time. By 
performing the sensitivity analysis on the variation of job locations, job times, available 
workers, and various skill sets, we can compare the performance of the model versus 
historical performance as well as simulated scenarios. 
Vatterott, Anthony, 2018, UMSL 107 
 
  
Appendix A. Summary of Literature Review 
 
Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Brusco and 
Johns 
(1998) 
Decision 
Sciences 
Paper Mill 
Maintenance 
Multiple 
Integer Linear 
Program 
(MILP); 
Interviews 
and 
Department 
of Labor 
(DOL) Data; 
Semi-
Structured 
Interviews 
with 
Managers. 
Partially Skilled 
Workers can 
cover more than 
50% of 100% 
productivity 
assignments. 
Using 50% 
training in a 
second skill 
achieves 86.9% 
of the savings as 
cross training at 
100% 
productivity. 
Hegazy (2000) Journal of 
Engineering 
and 
Construction 
Management 
Construction 
Project 
Management 
Multiskill 
Resource 
Scheduling 
Algorithm 
(MURSA) 
program using 
Microsoft 
Project and 
SAS/OR and 
earliest Late 
Start (ELS) 
Rule 
Unconstrained 
resource 
scheduling 
resulted in 32 
days total 
Project duration 
(TPD). 
Application of 
one substitution 
rule for multi-
skill labor 
resulted in a 
TPD of 39 days 
by MURSA 
versus 47 by 
SAS/OR. 
Utilization of 
5 substitution 
rules resulting 
in a TPD of 35 
days for MURSA 
and 47 (same) 
for SAS/OR. 
Project De- 
lay is reduced 
bymulti-skilled 
resource 
substitution. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Burleson et al Journal of Con- Petrochemical Plant Data Multi-Skilling 
(1998) struction En- Plant Development; offers 5%-20% 
gineering and Dual-Skill Ver- total project 
Management sus Four-Crafts labor cost 
Strategy reduction, 
35% workforce 
reduction, and 
47% average 
employment 
duration in- 
crease. 
Gomar et al Journal of Con- Construction GAMS Model After one or 
(2002) struction En- using CII Plant two additional 
gineering and data skills are ob- 
Management tained, addi- 
tional benefits 
are marginal. 
Tests should 
be run with 
natural affin- 
ities in order 
to evaluate the 
most effective 
combinations. 
Multi-skilled 
workers were 
always 
preferred in the optimiza- 
tion model over 
single skilled 
workers. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Haas (1999) Center for 
Construction 
Industry 
Studies 
Construction Site Visits 
and 
Interviews 
Multi-Skilling 
depends on 
Superintendent 
ability to assign 
appropriate  tasks 
to workers and 
build effective 
work crews; 20% 
productivity gain 
found among 
6 companies 
surveyed. 
Multi-Skilling 
Benefits 
marginal after 
10-20% 
multiskill 
workforce 
composition; 
benefits 
marginal after 2-
3 craft 
competency. 
Carley (1999) Center for 
Construction 
Industry 
Studies 
Construction Data Analysis 70% of workers 
have skills in 
other trades; 
79% of these 
workers are 
interested in 
more primary 
trade training; 
57% would 
pursue training 
in another 
trade. 
Tam et al 
(2001) 
Construction 
Management 
and 
Economics 
Public 
Works/ 
Housing 
Authority 
Construction 
Genetic 
Algorithm 
and Labor 
Optimization 
Model 
Limited 
Multi-Skilling 
increased cost 
of performance 
3.7%. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Fitzpatrick and Computers and Cellular Manu- Kolbe Cona- Average de- 
Askin (2007) Industrial Engi- facturing tive Index and viation from 
neering Multiple Integer lower bound 
Programming was less than 
(MIP) 11%; maximum 
deviation was 
lower than 
22%. An increase 
in members 
may overstate 
the weighted 
values and 
might not be a 
good indicator 
of potential 
problem areas; 
inertia is not a 
good indicator 
of synergy. 
Bennour and Computers in Industrial Engi- MOVES Model; With increased 
Crestani (2005) Engineering, neering Human Re- experience, the 
Internation- source Com- duration of the 
al Journal of petency Based implementatio
n Production Assignment of a process 
Research decreases and 
reaches a stable 
state when all 
involved actors 
attain their 
maximal com- 
petence level. 
The definition 
of multiple 
weight factors 
is difficult to 
manage and 
tends to reduce 
their impact on 
performance. 
Bennour and International Industrial Engi- Performance The human factor 
is a key element to 
ensure the survival 
of an enterprise. 
Crestani (2007) Journal of Pro- neering Estimation 
duction 
Research 
Using Compe- 
tencies 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Elfwing et al IEEE transac- Robotic Auto- Reinforcement Robot will 
(2007) tions on Evolu- mation, Artifi- Learning, execute a min- 
tionary Compu- cial Intelligence Heierarchical imal strategy 
tation Learning Struc- that minimizes 
tures, MaxQ, the number of 
Semi-Markov primitive sub- 
Decision Pro- tasks to perform 
cess a goal to remove 
the need to re- 
learning behav- 
iors; learning 
time is reduced 
when higher 
order routines 
are decomposed 
into lower order 
behaviors. 
Canini et al Proceedings Human catego- Hierarchical Di- Humans are 
(2010) of the 27th rization, Trans- richlet Process able to accu- 
International fer Learning rately recon- 
Conference on struct taxono- 
Machine Learn- my structures 
ing in category 
systems from a 
limited number 
of examples. 
Janiak et al Computers and Job Scheduling Experience The model 
(2009) Industrial Engi- Based Learn- solves for an 
neering ing Model and optimal sched- 
Single Proces- ule for up to 30 
sor Make-Span jobs in a few 
Minimization minutes. 
Hyari et al  Small to Medi- Single Versus Solution time 
(2010) um Sized Con- Multi-Skill improvement 
tracting Firms Work Groups from 10 hours 
Using data from and Multiple to 1 second 
over Tam et al 
(2001) 
Integer Linear Tam et al Ge- 
Programming netic Algorithm 
(MILP) Approach; all 
three solutions 
improved over 
2001 results. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Janiak and Omega Processor Make Span An exact poly- 
Rudek (2010) Scheduling Minimization nomial time 
Problem with algorithm was 
Multi-Ability run and found 
Learning Effect to solve op- 
(SAMALE) timally; jobs 
where learning 
can be ad- 
vanced were 
assigned before 
jobs where no 
learning could 
occur. 
Pitiot et al Engineering Product/Proj- Hierarchical Using qualified 
(2010) Applications in ect Integration Decomposition, individuals 
Artificial Intelli- Model Evolutionary first helps to 
gence Algorithm ensure learning 
Organized by capabilities are 
Knowledge not saturated 
(EAOK); Ex- among indi- 
pectation-Max- viduals with 
imization a poor fit; fast 
Algorithm learning is good 
for global guid- 
ance whereas 
longer learn- 
ing can cause 
over-guidance. 
Work should 
incorporate 
actual informa- 
tion to devel- 
op a network 
model. 
Wongwai and Automation in Human Re- Single and Sacrifices min- 
Malaikris- Construction source 
Substitu- 
Multi-Skill Sub- imum cost for 
anachalee tion stitution; Proj- shortest project 
(2010) ect Timeline duration. 
Minimization 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Czyz et al Internation- Computer and Total Tardiness Parallel Tabu 
(2011) al Journal of Industrial Sys- Minimization Search (PTS) is 
Electronics and tems using Automat- more efficient 
Telecommuni- ed Learning as the number 
cations System (ALS) of jobs increas- 
es; Efficiency 
gains from 
PTS are greater 
compared to 
Parallel Nawaz- 
Enscore-Ham 
(PNEH) or 
Parallel Simult- 
ed Annealing 
(PSA). 
Florez et al Construction Construction Multimode Mathematical 
(2012) Research Con- Resource Con- Modeling may 
gress strained Project help to stabi- 
Scheduling Pro- lize the hiring 
gram (MRCP- and firing of 
SP) using MILP workers. The 
solution time 
for multi-skill- 
ing was more 
than 10 
minutes vers s less than 
a minute for 
single skilling. 
Liu and Wang  Construction Constraint Crew schedule 
(2012) Programming durations are 
for Crew Sched- minimized. 
uling 
Zha and Zhang   Learning Func- Learning effect 
(2012) tion (Induced can contrib- 
and Auton- ute to shorter 
omous) with makespan. 
Multi-Skilling; Cost of assign- 
Project Sched- ment decreases 
uling before increas- 
ing as induced 
learning in- 
creases. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Alikhani and 
Fazlollahtab
ar (2014) 
Advances 
in 
Operations 
Research 
 Organizational 
Learning/Cost 
Minimization; 
Epsilon 
Constraint 
Method 
Computation 
results confirm 
model 
effectivenes; 
methodology 
was validated. 
Lucko (2014) Automation 
in 
Construction 
Construction Temporal-
Spatial Task 
Scheduling 
Creates a 
foundational 
model 
(algorithm) 
for 3D spatial 
scheduling 
of sequenced 
tasks. A 31.3% 
reduction in 
project duration 
was achieved 
when considering 
spatial modeling 
compared to 
Critical path 
method (CPM). 
Abotaleb 
(2014) 
Canadian 
Society for 
Civil 
Engineering 
Construction Multi-Skilling Total Project 
Duration 
(TPD) was 
31.5% 
shorter; and 
labor cost was 
less using 
Multi-Skilling. 
Vatterott, Anthony, 2018, UMSL 115 
 
  
 
Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Małachowski, Computers & Manufacturing Multi-Skilling Advancement 
B., & Korytkow- Industrial Engi- and Learning of one compe- 
ski, P. (2016) neering Curve tence loads 
pos- itively on other 
interrelated 
competences. 
Learning 
curves an be calculat- 
ed as skills are 
adopted. Ele- 
mentary com- 
petence 
informs compound 
competenc- 
es. Research 
needs to apply 
learning perfor- 
mance models 
to various areas 
of workforce 
scheduling and 
assignment. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Ottoman, G. R., Journal of Building & Literature Re- Maintenance 
Nixon, W. B., & Management in Facilities Main- view:  Life-Cy- costs are pri- 
Lofgren, S. T. Engineering tenance cle Costing and marily over- 
(1999) Property Valua- looked; Annual 
tion Approach- budgeting can 
es conflict with 
short-term 
maintenance 
requirements. 
18 estimating 
approaches 
are presented. 
Sophisticated 
data-modeling 
approaches are 
uncommon 
in practical 
use. Analysis 
relies more on 
professional 
evaluation and 
proportional 
Maintenance 
and Repair 
(M&R) val- 
ue, life-cycle 
expected cost 
or condition-
based as ssment. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Army Corps USACERL Building and Facility Life-Cy- Definition and 
of Engineers Technical Re- Facilities Main- cle Costing and Standardization 
Construction port P-91/10 tenance Maintenance of a data base 
Engineering Resource Pre- of maintenance 
Research Labo- diction components 
ratory (1991) and costs. Pre- 
dictive models/ 
methods and 
their 
advantages nd dis dvan- 
tages are dis- 
cussed. Build- 
ings account for 
over 60% of the 
maintenance 
expenditures 
annualy.  
Family Housing and 
Unaccompa- 
nied Personnel 
Housing alone 
contribute 26% 
of yearly main- 
tenance expen- 
ditures. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Army Corps USACERL Building and Conception of Assesment of 
of Engineers Technical Re- Facilities Main- the BUILDER the various 
Construction port M-90/19 tenance Engineered other Operation 
Engineering Management Related Soft- 
Research Labo- System (EMS) ware systems 
in ratory (1990) use at State and 
Federal Institu- 
tions. Provides 
a framework 
for advance- 
ment of the 
ARMY property 
maintenance 
program. Be- 
cause building 
components 
use different 
technology 
disciplines, the 
BUILDER EMS 
must be multi- 
displined. The 
system must be 
created in steps 
or modules. 
Sun and Che Applied Me- Construction Process Mod- Comprehensive 
(2012) chanics and Engineering el detailing application of a 
Materials Building Infor- the functional BIM database 
mation Model- structure of an can aid plan- 
ing (BIM) Engineering ners in efficient 
management maintenance 
system refer- response rate 
ence practical and guarantee 
use for main- appropriate 
taining a water human, materi- 
chiller unit. al and financial 
resources. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Burcin-Becerik Journal of Con- Facilities Man- Building Infor- BIM adoption 
Gerber et al struction En- agement mation Model- rate has in- 
(2011) gineering and ing (BIM) creased and its 
Management vizualization of 
facilities man- 
agement goals 
and controls 
holds undevel- 
oped possibil- 
ities. Facilities 
Management 
Oragnizations 
have already 
stared incorpo- 
rating BIM or 
plan to imple- 
ment BIM in 
the immediate 
future. 
Wu, Neale, Wil- Journal of Qual- Industrial Work- Practioners 
liamson, Horn- ity in Mainte- Maintenance shop-based re- want simple 
by (2010) nance Engi- view of practi- tools to aid in 
neering tioner's insights Maintenance 
on maintenance Planning; Acad- 
policy. mic research 
aims to be pub- 
lished and may 
not be suitable 
for practical 
use.  The gap 
between practi- 
cal and 
academ- ic pplication 
needs to be 
narrowed. Case 
study is one 
suggestion for 
bridging this 
gap. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Saranga (2004) Journal of 
Quality in 
Maintenance 
Engineering 
Opportunistic 
Maintenance 
Genetic 
Algorithm 
applied to 
Mathematical 
Model 
The GA 
approach was 
validated using 
an aircraft 
maintenance 
scenario and 
depending on 
useful life 
of components 
and whether all 
or each 
component are 
to be evaluated 
considering risk 
of failure, 
downtime cost, 
and 
replacement 
cost; If 
considering 
individual 
items, it is more 
cost effective to 
replace now; if 
one considers 
grouping items 
it may be more 
cost effective to 
delay 
replacement 
until a later 
point in time. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Wu and Clem- Engineering, UK Construc- Modified ver- The term 
ents-Groome Construction tion Industry sion of Pride's "failure-based 
(2006) and Architec- Scheduled maintenance" 
tural Manage- Maintenance may be misun- 
ment Logic Tree derstood. Only 
23% of firms 
apply 
corrective maintenance 
whereas 45% 
of firms apply 
preventative 
maintenance, 
which may be 
more costly. 
Data analysis 
should be ap- 
plied in mainte- 
nance strategy 
development. 
Lind and Muy- Property Man- Review of Alternative Identifies a 
ingo (2012) agement Swedish stud- Model of Main- "before-fault" 
ies on building tenance 
Strategy 
and "after-fault" 
maintenance classification of 
strategies. most commonly 
applied mainte- 
ance strategies. 
Kuhn and Mad- Computer-Aid- Single Facility/ Markov Deci- Optimal man- 
anat (2006) ed Civil and Project Main- sion Process agement poli- 
Infrastructure tenance and with MAXI- cies in MAX- 
Engineering Rehabilitation MIN and Hur- IMIN robust 
wicz Criterion optimization 
Robust Optimi- are more con- 
zation servative than 
those employed 
in non-robust 
optimization, 
especially as 
uncertainty is 
more signifi- 
cant. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Ahuja and International Total Produc- Literature Re- TPM might be 
Khamba (2008) Journal of Qual- tive Mainte- view considered one 
ity and Reliabil- nance (TPM) of the best pro- 
ity Management active strategic 
initiatives that 
can lead the 
organization 
to success over 
failure. TPM 
must be regard- 
ed as a "change 
process." 
Tsui and Fong Knowledge and Hong Kong Combined Business In- 
(2012) Process Man- Housing Orga- Qualitative formation was 
agement nization (Prop- and Quantita- largely the 
erty Manage- tive Approach preferred col- 
ment Division) Using Survey laboration tool 
instrument for Property 
and Follow-Up Management 
Discussion Division (PMD) 
knowledge 
management. 
Suggests a two- 
phase adoption 
plan with 
regard to Knowledge 
Management 
(KI) and Busi- 
ness Informa- 
tion (BI) Tools 
Lambie-Hanson Journal of Ur- Property Main- Statistical Anal- Magnitude of 
(2015) ban Economics tenance ysis including code violation 
Multi-Level, is increased as 
Longitudinal property falls 
Regression into 
foreclosure. Model estimat- Indi ates bene- 
ed as a logit fit of maintain- 
model. ing occupied 
properties. 
Chen et al European Jour- Urban Drainage Risk-driven Policies that 
(2017) nal of Opera- Preventative include con- 
tional Research and Corrective dition based 
Maintenance, maintenance 
Dynamic Opti- can reduce risk 
mization of blockages or 
breakages by 
over 90%. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
De Jonge et al Reliability En- Time Based Comparison Cost benefit 
(2017) gineering and Performance of numerical of Condition 
System Safety (TBP) versus examples from Based Mainte- 
Condition Literature-
based 
nance (CBM) 
Based Perfor- review over Time 
mance (CBP) Based Mainte- 
nance (TBM) 
decreases as 
uncertainty of 
the risk of fail- 
ure increases. 
Large amount 
of uncertainty 
may actually 
make CBM 
perform worse 
than TBM. 
Keizer et al European Jour- Equipment Literature re- Resource-de- 
(2017) nal of Opera- Maintenance view of Con- pendence is still 
tional Research dition-Based ill-researched. 
Maintenance Most pooled re- 
(CBM) source research 
considers con- 
stant availability 
over time. 
Mehrgani et al Applied Math- Flexible Man- Dynamic Ap- Increasing pro- 
(2016) ematical Mod- ufacturing proximation duction speed 
eling Systems Model Con- and reducing 
sidering Lock worker training 
Out Tag Out increases hu- 
for Preventative man error and 
and Corrective subsequently 
Maintenance the total pro- 
duction cost 
while decreas- 
ing worker 
safety. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Pun et al 
(2017) 
2017 
proceedings of 
Portland 
International 
Center for 
Management 
of Engineering 
and 
Technology 
'17: 
Technology 
Management 
for 
Interconnecte
d World 
Facility 
Managemen
t 
Fuzzy 
Analytics 
Hierarchy 
Process 
Decision 
Support 
System 
There is a lack of 
a systematic 
approach to 
determine how 
maintenance 
strategies are 
recorded in most 
companies. 
The suggested 
approach uses 
cloud based data 
management to 
provide clear 
direction in 
formulating 
various 
maintenance 
plans. 
Sheng and Ba- International Property Man- Survey Rank of Quality (best 
harum (2015) Journal of Prop- agement 20 Criteria each possible afford- 
erty Sciences for both Client able and sus- 
(40 of 59 re- tainable level) 
spondents) and and Flexibility 
Service Pro- (meet changes 
vider (19 of 59 with existing 
respondents). resource base) 
are the two 
most important 
criteria by both 
clients and ser- 
vice providers. 
Reischl et al Journal of Neighborhood Parcel Main- Unsecured and 
(2015) Community Development, tenance Ob- broken win- 
Psychology Property Main- servation Tool dows and doors 
tenance (PMOT) are a main 
observation 
of unoccupied 
properties, and 
also contribute 
to 19.9% of oc- 
cupied property 
observations 
reported. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Han et al 
(2014) 
Applied 
Mechanics 
and 
Materials 
Construction 
management; 
Property 
Maintenance 
Evaluation of 
Building 
Information 
Technology 
Introduction  of 
technical 
capabilities of 
BIM as applied 
in construction 
and property 
management. 
Technology is 
expected to be 
adopted more 
widely in the 
future. 
Li and 
Monkkonen 
(2014) 
Property 
Management 
Property 
Management 
Experimental 
Survey 
Methodology 
of 150 experts 
in Hong Kong 
Property 
Management 
Market. 
Moderate 
increases in 
appreciation of 
value of property 
management 
among 
respondents over 
34 years in age. 
Tan et al 
(2014) 
Facilities Building and 
Facilities 
Maintenance 
Critical 
Success 
Factor 
Analysis Using 
Varimax , 
Oblimin, 
Quartimax 
and Equimax 
Rotation 
Methods 
Concentration 
of 28 factors 
into 8 distinct 
principal factors. 
The top factors 
were Client 
Satisfaction (1), 
Certification of 
the Company (2) 
and Reliability 
(3) and Quality 
(4) of service. 
Cost 
management, 
Work execution 
control, 
communication 
and 
responsiveness 
also scored in the 
top 10 factors. 
Vatterott, Anthony, 2018, UMSL 126 
 
  
 
Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Muczynski 
and Gawron 
(2014) 
Technical 
Transactions 
Civil 
Engineering 
Property 
Management 
Elicitation of 
a Property 
Management 
Plan 
A methodology 
for planning 
property 
management 
with emphasis 
on immediate 
and long-term 
objectives 
should ensure 
the optimal 
method of 
property usage 
and 
management. 
Liu (2013) Mathematical 
Problems in 
Engineering 
Parallel 
Unrelated 
Machines 
Project 
Management 
Hybrid 
Genetic 
Algorithm 
using data 
from a 
Priority Rule 
Based 
Algorithm 
HGA performs 
accurately and 
efficently for 
small-size cases 
(<30 jobs); 
performs better 
than 
Conventional 
Genetic 
Algorithm 
(CGA) for large 
size problems 
(30, 90 jobs). 
Kuo et al 
(2013) 
Production 
and 
Operations 
Management 
Airline 
Agent 
Staffing 
Multi-Skill 
Staffing 
Across 
Multiple 
Locations 
Valid 
Inequalities 
reduce CAPU 
time 
considerably. 
Using partialy 
skilled workers 
whose skills are 
in short supply 
offers 
almost the same 
coverage as 
utilizing only fully 
skilled workers. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
Methlouthi et 
al (2017) 
CIRRELT Electronic 
Transactio
n 
Equipment 
Technician 
Routing 
and 
Scheduling 
Program 
When 
technician skills 
are more 
restricted, a 
larger number 
of solutions 
exists. When 
stops are 
required to pick 
up special parts, 
the number 
of solutions 
increases. Only 
instances of a 
small size can 
be solved to 
optimality. 
Chen et 
al (2016) 
Omega Home Services Technician 
Routing 
and 
Scheduling 
Problem 
(TRSP) 
using a 
variant of 
the Record 
to Record 
(RTR) Travel 
Algorithm 
and 
Learning Effect 
Modeling 
learning and 
technician 
heterogeneity 
leads to better 
and different 
solutions than 
homogenous 
learning curves 
and/or static 
productivity. 
Inexperienced 
technicians 
specialize the 
most and 
experienced 
technicians the 
least. 
Biskup (2008) European 
Journal of 
Operational 
Research 
Manufacturin
g Scheduling 
Literature 
Review on 
Learning 
Curve 
Literature 
The well known 
sum of 
processing time 
sequence yields 
strong results 
for competition 
time goals. 
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Authors (Year) Publication Industry Focus Application/Ap
proach 
Results 
De Breucker European Jour- Workforce Literature Re- It is almost 
(2015) nal of Opera- Planning view of Work- impossible to 
tions Manage- force Planning solve problems 
ment Considering of realistic com- 
Multiskilling. plexity to opti- 
mality. Often, 
management 
of a company 
Will sacrifice 
optimality 
for feasibility. 
Suggests using 
assumptions 
based on sound 
empirical evi- 
dence and with 
consideration 
for uncertainty, 
for a balance of 
both fast and 
good solutions. 
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Figure 4.15 Critical Path GANTT Project Schedule for Assignment Considering Precedence. 
 
 
 
Figure 4.16 Network Diagram for Assignment Considering Precedence. 
 
 
Figure 4.17 Calendar of Assignment for Model Considering Precedence. 
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Figure 4.18 Resource Utilization for Single Assignment Without Precedence  
(Case 1 Left) and With Precedence (Case 2, Right). 
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      Figure 4.19a Results of 6 Rounds of Assignment when ρ = .6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19b Results of 6 Rounds of Assignment when ρ = .6 
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Figure 4.20a Results of 6 Rounds of Assignment when ρ = 1.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20b Results of 6 Rounds of Assignment when ρ = 1.1 
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Figure 4.21a Results of 6 Rounds of Assignment when ρ = 1.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21b Results of 6 Rounds of Assignment when ρ = 1.2 
Time 
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Figure 4.22a Results of 6 Rounds of Assignment when ρ = 1.3 
 
 
 
       
Figure 4.22b Results of 6 Rounds of Assignment when ρ = 1.3 
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Figure 4.23a Results of 6 Rounds of Assignment when ρ = 1.4 
 
 
 
    
  
               Figure 4.23b Results of 6 Rounds of Assignment when ρ = 1.4 
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              Table 5.3 Correlations for Full Computational Experiment.
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Table 5.4 Descriptive Statistics of Output, 13 Job Set. 
 
 
        Table 5.5 Correlations for  Output of 13 Job Computational Experiment. 
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Table 5.6 Descriptive Statistics of Output, 26 Job Set. 
 
 
 
 
 
Table 5.7 Correlations for Output of 1396 Job Computational Experiment
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       Table 5.8 Descriptive Statistics of Output, 39 Job Set. 
 
 
  
          Table 5.9 Correlations for Output of 39 Job Computational Experiment 
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